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Abstract 
Lateral collateral ligament (LCL) injuries are often treated non-operatively or with 
surgical repair. If instability persists, hinged elbow orthoses (HEOs) are often 
recommended.  However, these orthoses are designed as a straight hinge, which does not 
account for the native carrying angle of the elbow. A custom HEO was designed to adjust 
the orthosis valgus angulation to measure in vitro elbow kinematics and biomechanics. 
An in vitro study investigated the effect of HEO valgus angulation during simulated 
active and passive flexion, in the vertical dependent and varus positions, with the forearm 
pronated and supinated. In the vertical dependent position, the orthosis did not produce 
instability and in the varus position, greater HEO angles trended towards improving 
elbow stability. Passive flexion was not found to worsen instability. In a subsequent 
study, a novel LCL tensioning mechanism is introduced to examine the effects of orthosis 
valgus angulation on LCL loads. No significant differences were found, as the tension did 
not change much throughout the range of motion. Future work is proposed to further 
improve the understanding of elbow kinematics and biomechanics to optimize 
rehabilitation techniques, surgical protocols and orthosis designs.   
Keywords 
Elbow joint, lateral collateral ligament, hinged elbow orthosis, brace, instability, 
rehabilitation, biomechanics, kinematics 
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1 
Chapter 1 
1 Background and Literature Review 
Overview 
The purpose of this thesis is to investigate the effect of hinged elbow orthoses (HEOs) on 
kinematics and biomechanics of the lateral collateral ligament (LCL) deficient elbow. 
This chapter reviews the relevant anatomy, biomechanics and kinematics. A summary of 
injury pathology and management, as well as joint motion simulation is also described. 
Additionally, the rationale, objectives and hypothesis pertinent to this thesis are 
summarized. 
  
2 
1.1 Elbow Anatomy 
The anatomy of the elbow joint can be divided into the bones, muscles and ligaments that 
comprise it. These anatomical categories are necessary to understand the motion and 
mechanics of the elbow joint.  
1.1.1 Osteology 
The elbow joint is made up of three bones - the humerus, radius and ulna (Figure 1-1). 
The humerus is situated in the upper forearm, and the radius and ulna are located laterally 
and medially in the forearm, respectively. The distal end of the humerus articulates with 
the proximal ends of the radius and ulna (Ramponi & Kaufmann, 2012).  The orientation 
of these bones results in three articulations at the joint: the ulnohumeral joint, the 
radiocapitellar joint and the proximal radioulnar joint (Ramponi & Kaufmann, 2012).  
 
Figure 1-1: Elbow Joint Orientation. The orientation of the humerus, ulna and radius 
bones that comprise the elbow joint. The alignment of these bones results in three joints – 
the radiocapitellar joint, the ulnohumeral joint, and the proximal radioulnar joint. 
3 
Figure 1-2 shows the structure of the humerus. At the anterior, distal end, there are two 
condyles: medially, the trochlea, which articulates with the ulna and laterally, the 
capitellum which articulates with the radial head (Morrey & Sanchez-Sotelo, 2009). On 
the medial- and lateral-most ends of the humerus there are the medial and lateral 
epicondyles, respectively, which serve as ligament attachment points (Fornalski, Gupta, 
& Lee, 2003; Bernard F. Morrey & Sanchez-Sotelo, 2009). The radial and coronoid 
fossae, located anteriorly, house the radial head of the radius and coronoid process of the 
ulna, respectively. The olecranon fossa, located on the posterior, distal end of the 
humerus, accommodates the olecranon of the ulna (Morrey & Sanchez-Sotelo, 2009).  
 
Figure 1-2: Bony Anatomy of the Humerus. Bony anatomy of the right humerus from 
the (A) anterior view and (B) posterior view. 
4 
Figure 1-3 depicts the anatomy of the ulna. The proximal end of the ulna contains the 
coronoid and olecranon processes (Fornalski et al., 2003). The arc that joins these 
articular surfaces is called the sigmoid notch and creates approximately a 30° angle with 
the ulnar shaft (Fornalski et al., 2003; Pederzini, Eygendaal, & Denti, 2016). The greater 
sigmoid notch articulates with the trochlea of the humerus, and contributes greatly to the 
inherent stability of the elbow (Fornalski et al., 2003; Morrey & Sanchez-Sotelo, 2009). 
The lesser sigmoid notch articulates with the radial head (Fornalski et al., 2003). 
 
Figure 1-3: Bony Anatomy of the Ulna. Bony anatomy of the important structures of 
the right ulna from the (A) anterior view and (B) lateral view. 
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Figure 1-4 illustrates the structure of the radius. The radial head, located proximally, has 
a cylindrical shape and forms a 15° angle with the shaft of the radius (Pederzini et al., 
2016). The head also has a concave dish, covered with hyaline cartilage, that articulates 
with the capitellum of the humerus (Fornalski et al., 2003; O’Driscoll, Jupiter, King, 
Hotchkiss, & Morrey, 2000). Figure 1-5 depicts the articulation between the radius and 
the ulna. Proximally, the posteromedial section of the radius articulates with the radial 
notch on the ulna and distally, the ulnar notch of the radius articulates with the head of 
the ulna (Fornalski et al., 2003; Morrey, 2000; Morrey & Sanchez-Sotelo, 2009; 
O’Driscoll et al., 2000).  
 
Figure 1-4: Bony Anatomy of the Radius. Anterior view of the bony anatomy of a right 
radius with important structures highlighted. 
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Figure 1-5: Articulation Between the Radius and Ulna. Proximal and distal 
articulation of the radius and ulna resulting in the proximal radioulnar joint (PRUJ) and 
distal radioulnar joint (DRUJ). Right radius and ulna shown. 
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1.1.1.1 Joint Capsule  
The elbow joint is surrounded by a joint capsule, innervated by various nerve branches 
(Figure 1-6) (Morrey & Sanchez-Sotelo, 2009). The anterior portion of the capsule 
attaches above the coronoid and radial fossae (Morrey & Sanchez-Sotelo, 2009). The 
posterior capsule attaches above the olecranon fossa (Morrey & Sanchez-Sotelo, 2009).  
There is greater laxity on the anterior and posterior sides to permit flexion and extension, 
respectively (Pederzini et al., 2016).  
 
Figure 1-6: Elbow Capsule. Anterior view of the capsule surrounding the elbow joint. 
Right elbow shown. 
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1.1.2 Myology 
There are 4 groups of muscles surrounding the elbow: the flexor/extensor muscles of the 
elbow and flexors/extensors of the wrist (Figure 1-7) (Pederzini et al., 2016).  Important 
extensor muscles of the elbow are the triceps brachii and anconeus. The triceps has 3 
origins (the long head on the scapula, the lateral head on the lateral humerus, and the 
medial head on the medial humerus) and inserts on the olecranon tip (Jacobson, 2007; 
Pederzini et al., 2016). The anconeus is a triangular extensor muscle that originates on the 
lateral epicondyle of the humerus and inserts on the lateral side of the proximal ulna 
(Pederzini et al., 2016). 
The main flexors of the elbow, located proximally in the upper arm, are: the biceps, the 
brachialis and the brachioradialis. The biceps inserts on the radial tuberosity, and the 
brachialis inserts mainly on the coronoid process of the proximal ulna (Jacobson, 2007; 
Morrey & Sanchez-Sotelo, 2009). The brachioradialis crosses over the anterior side of the 
elbow joint. It originates on the lateral side of humerus and inserts on the distal end of the 
radius at the styloid process (Morrey & Sanchez-Sotelo, 2009). Weaker flexors of the 
forearm include the pronator teres and supinator muscles. The pronator teres originates 
from the medial epicondyle as well as the coronoid process of the ulna and inserts 
between the proximal and middle radius. The supinator, a rhomboid shaped, flat muscle, 
originates on the lateral anterior side of the lateral epicondyle, the lateral collateral 
ligament and proximal anterior crest of the ulna. It inserts on the proximal radius and 
pronator teres (Morrey & Sanchez-Sotelo, 2009).   
There are also flexors and extensors of the wrist that are relevant to the elbow joint. On 
the medial side of the joint, the common flexor tendon originates on the medial 
epicondyle of the humerus (Jacobson, 2007). It consists of the flexor carpi radialis, 
palmaris longus, flexor carpi ulnaris and flexor digitorum superficialis (Jacobson, 2007). 
The common extensor tendon originates laterally, at the lateral epicondyle of the humerus 
and is composed of the extensor carpi radialis brevis, extensor digitorum, extensor digiti 
minimi and extensor carpi ulnaris (Jacobson, 2007). There is also the extensor carpi 
radialis longus, which originates near the lateral epicondyle of the humerus (Jacobson, 
2007). 
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Figure 1-7: Elbow Myology. Important extensors and flexors of the elbow joint. (A) 
Upper arm muscles, anterior lateral view, (B) upper arm muscles, posterior view, (C) 
forearm superficial muscles, palmar view, (D) forearm superficial muscles, dorsal view, 
(E) forearm deep muscles, palmar view, and (F) forearm deep muscles, dorsal view 
(“Upper extremity muscle anatomy muscles of the pectoral girdle and upper limbs 
anatomy and - upper extremity muscle anatomy,” 2016). 
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1.1.3 Desmology 
There are two major ligament complexes associated with the elbow: the medial collateral 
ligament (MCL) and the lateral collateral ligament (LCL)  (Figure 1-8) (Morrey & 
Sanchez-Sotelo, 2009). The MCL supports the ulnohumeral joint and provides stability 
under valgus loading (Cohen & Bruno, 2001). It can be classified into anterior, posterior, 
and transverse bundles. The anterior bundle is divided into anterior (AMCL), posterior 
(PMCL) and deep medial segments (Morrey & Sanchez-Sotelo, 2009). The anterior 
bundle originates on the inferior portion of the medial epicondyle and inserts on the 
sublime tubercle of the proximal ulna (Dines & Altchek, 2015). The posterior bundle also 
originates on the medial epicondyle, but inserts on the olecranon process (Dines & 
Altchek, 2015). The transverse segment originates on the coronoid of the ulna and inserts 
onto the olecranon tip (Morrey & An, 1985).  
The LCL is divided into the radial collateral ligament (RCL), the annular ligament (AL), 
the accessory lateral collateral ligament (ALCL) and the lateral ulnar collateral ligament 
(LUCL) (Morrey & Sanchez-Sotelo, 2009). The AL originates on the lesser sigmoid 
notch and inserts on the supinator crest of the ulna to hold to the radial head against the 
ulna (Mirzayan & Itamura, 2004).  The RCL originates on the lateral epicondyle of the 
distal humerus and runs distally into the AL (Cohen & Bruno, 2001). The LUCL 
originates at the lateral epicondyle and merges into the AL before it inserts on the 
supinator crest (Canale & Beaty, 2012; Mirzayan & Itamura, 2004). The ALCL is 
attached to both the AL and the supinator crest of the ulna and provides support to the AL 
and RCL during varus stress (Sivananthan, Sherry, Warnke, & Miller, 2012; Starkey & 
Brown, 2015). Regan et al. (2001) investigated the biomechanical behaviour of the 
AMCL, PMCL and RCL. They found that the AMCL is the strongest ligament with a 
failure load of 260.9 N, followed by the RCL, then the PMCL (Regan, Korinek, Morrey, 
& An, 1991).   
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Figure 1-8: Ligaments of the Elbow. (A) Medial view of a left elbow showing the 
medial collateral ligament (MCL), and (B) lateral view of a left elbow depicting the 
lateral collateral ligament (LCL). 
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1.2 Biomechanics and Kinematics of the Elbow Joint 
1.2.1 Range of Motion 
The elbow joint is described as a trochoginglymoid joint because it permits 2 degrees of 
freedom: the ulnohumeral joint permits flexion and extension (hinge joint) and the 
radiocapitellar and radioulnar joints facilitate axial rotation (pivoting motion) (Morrey & 
Sanchez-Sotelo, 2009; Schenck, 1999).  
1.2.1.1 Flexion/Extension 
The elbow flexion-extension range of motion is between 0° and 150° for extension and 
flexion, respectively, however Morrey et al. (1981) determined that most essential daily 
activities require between 30° and 130° of flexion (Figure 1-9) (Fornalski et al., 2003; 
Morrey & Sanchez-Sotelo, 2009).  
 
Figure 1-9: Flexion-Extension of the Elbow. Medial (left) and lateral (right) views of a 
right elbow from extension to flexion. The elbow is capable of approximately 0° of 
extension to 150° of flexion (Ferreira, 2011). 
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The axis of rotation for flexion-extension passes through the center of the capitellum and 
trochlear sulcus (Figure 1-10) (Deland, Garg, & Walker, 1987; London, 1981). It is 
oriented approximately 4-8° in the valgus direction relative to the long axis of the 
humerus and 3-8° internally rotated with respect to the humeral epicondyles (Ferreira, 
2011; O’Driscoll et al., 2000). The distal humeral articular surface is also oriented 30° 
anteriorly (Fornalski et al., 2003; Morrey & Sanchez-Sotelo, 2009; Tanaka, An, & 
Morrey, 1998). 
 
Figure 1-10: Flexion-Extension Axis of the Elbow Joint. The flexion-extension axis of 
the elbow is oriented  (A) 4-8° in the valgus direction, and (B) 3-8° internally rotated. M 
= medial view, L = lateral view, A = anterior view and P = posterior. Right humerus 
shown.  
  
14 
Throughout elbow motion, the tautness of the ligaments varies. One experiment 
concluded that the AMCL and RCL are taut throughout most of the arc of flexion, 
whereas the PMCL is only taut with the arm in full flexion (Fuss, 1991; Regan et al., 
1991). Unlike the MCL, the LCL is isometric through the entire ROM (Mirzayan & 
Itamura, 2004; Morrey & An, 1985; Schwab et al., 1980). The MCL originates posterior 
to the axis of rotation of the elbow, therefore each segment of the MCL tightens at a 
different angle of flexion-extension. During full extension, the AMCL is taut. At 60° of 
flexion the PMCL begins to tauten (Mirzayan & Itamura, 2004). Between 60° and 90° the 
posterior bundle tightens as well (Mirzayan & Itamura, 2004; Morrey & An, 1985). At 
120°, the posterior bundle and PMCL are the major stabilizers as the AMCL begins to 
loosen (Mirzayan & Itamura, 2004). An in vitro study found that load of the AMCL was 
higher in the valgus arm position compared to the dependent position and in flexion 
relative to extension (Fay, Lalone, Ferreira, Johnson, & King, 2010). 
1.2.1.2 Pronation/Supination 
The forearm may be rotated 75° so that the palm of the hand is facing down (pronation) 
or rotated 85° the other way with the palm facing up (supination) however most activities 
of daily living fall within 50° forearm pronation to 50° of supination  (Figure 1-11) 
(Fornalski et al., 2003; Morrey & Sanchez-Sotelo, 2009).  Forearm pronation is largely 
attributed to the pronator muscle, whereas the biceps brachii is largely responsible for 
supination. The supinator muscle also aids in supination, however it is considered a 
weaker supinator (Morrey & Sanchez-Sotelo, 2009). During rotation from pronation to 
supination the radius rotates around the ulna and up to 6° of ulnar rotation occurs 
(Morrey & Sanchez-Sotelo, 2009; Olsen et al., 1998; Pederzini et al., 2016).  During 
flexion and pronation, there is high contact between the radial head and the capitellum 
(Pederzini et al., 2016). However, during extension and supination, there is minimal and 
no contact, respectively (Pederzini et al., 2016).  
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Figure 1-11: Pronation-Supination of the Elbow. Anterior view of a right elbow from 
supination to pronation. The elbow can rotate from approximately 75° in pronation to 
85° in supination (Ferreira, 2011). 
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1.2.2 Carrying Angle  
The angle formed by the long axis of the humerus and the long axis of the forearm in full 
extension is called the carrying angle (Figure 1-12) (Morrey & Sanchez-Sotelo, 2009). It 
is inversely proportional to the length of the bones in the forearm, where shorter 
individuals have larger carrying angles and vice versa (Khare, Goel, Saraf, Singh, & 
Mohanty, 1999). Most studies agree that the mean carrying angle is approximately 11-
14° in men, and 13-16° in women (Atkinson & Elftman, 1945; Morrey & Sanchez-
Sotelo, 2009; Paraskevas et al., 2004; Terra et al., 2011; van Roy, Baeyens, Fauvart, 
Lanssiers, & Clarijs, 2005). Additionally, it is approximately 1 degree more on the 
dominant side, compared to the non-dominant (Morrey & Sanchez-Sotelo, 2009; Yilmaz 
et al., 2005). The carrying angle is in a valgus orientation when the arm is extended, and 
in a varus orientation when the arm is flexed (Morrey et al., 1981). As the arm is flexed, 
the carrying angle decreases to a varus angle of 1.8° ± 2.9 in men and 1.6° ± 2.3 in 
women (van Roy et al., 2005). 
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Figure 1-12: Carrying Angle. The carrying angle, Ɵ, is generally between 11-14° in 
men, and 13-16° in women. Right arm shown. 
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1.2.3 Stability  
The elbow is an inherently stable joint primarily due to articular geometry and 
ligamentous structures and secondarily due to soft tissue stabilizers (Cohen & Bruno, 
2001; Morrey & An, 1983). During flexion, the coronoid and radial fossae provide 
stability by protecting against anterior impingement Similarly, during extension, the 
olecranon fossa inhibits posterior impingement (Pederzini et al., 2016). 
Soft tissue stabilizers can be classified as static or dynamic (O’Driscoll et al., 2000). 
Dynamic stability is determined by neuromuscular factors, whereas static stability is 
governed by the osteoarticular structure as well as the capsule and ligamentous structures 
(de Haan et al., 2011). The dynamic stabilizers include the aforementioned muscles 
associated with the elbow joint that provide stability by compressing the joint (de Haan et 
al., 2011; Pederzini et al., 2016). The important dynamic stabilizers that produce 
compressive forces on the elbow joint include the anconeus, the triceps and the brachialis 
(O’Driscoll et al., 2000).  
The static stabilizers can be divided into primary and secondary constraints. The primary 
static stabilizers cause laxity upon release and include the ulnohumeral articulation, the 
AMCL, and the LCL (de Haan et al., 2011; O’Driscoll et al., 2000; Pederzini et al., 
2016). It has been found that AMCL provides greater joint stability than the PMCL 
(Schwab et al., 1980). A secondary stabilizer, defined by the insufficiency of release 
alone to cause laxity, includes the radial head and common flexor and extensor origins 
(de Haan et al., 2011; O’Driscoll et al., 2000).  
Morrey and An (1983) conducted an investigation on the primary stabilizers of the elbow 
and found that with the arm fully extended, valgus stability is accredited to the MCL, 
anterior capsule and bone articulation equally, whereas varus stability is divided between 
soft tissue constraints and joint articulation (Morrey & An, 1983). Conversely, another 
study reported that the elbow capsule has no role in stability when the ligaments are 
intact (Nielsen & Olsen, 1999). At 90° of flexion, majority of valgus stability is 
contributed by the MCL (55%) and varus stability is mainly attributed to joint articulation 
(75%) (Morrey & An, 1983).  
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The LCL resists varus instability, with the LUCL as the main lateral stabilizer (Canale & 
Beaty, 2012; Morrey & An, 1985; Sanderhoff OIsen et al., 1996). However, the LCL 
only provides 14% of the elbow’s stability during complete extension and only 9% in 90° 
of flexion (Canale & Beaty, 2012). The bulk of the stability is attributed to the bony 
articular surfaces as well as the anterior capsule (Canale & Beaty, 2012). 
1.2.4 Static Analyses 
The elbow joint is often analyzed as a static, two-dimensional system. The elbow is 
assumed to be a hinge joint with the net forces and moments acting on it equal to zero 
(Morrey & Sanchez-Sotelo, 2009; Nordin & Frankel, 2001).  Figure 1-13 shows a free 
body diagram of the forces that are often included in the analysis. These include the total 
weight of the forearm acting at the center of gravity, the brachialis force exerted on the 
ulna and the forces applied on the radius by the biceps and brachioradialis (Nordin & 
Frankel, 2001). A weight being held in the hand may also be included in the analysis. 
Anthropometric data may be used to approximate body segment lengths and weights as 
well as the location of center of mass (Winter, 1990).  
When all three muscle forces are included, it becomes an indeterminate problem that can 
be solved by either reduction or optimization methods. The reduction method involves 
grouping forces together or increasing the number of equations using knowledge of the 
cross-sectional area and electromyography of the muscle. The optimization method 
assumes that the muscular force distribution optimizes some physical parameter 
(Prendergast, van der Helm, & Duda, 2005). The elbow joint force is at a maximum in 
full extension, reduces until approximately 100°, and then increases until full flexion 
(Ilbeigi & Ramezani, 2014). Typically, the magnitude of elbow joint forces ranges from 
0.3 – 0.5 times body weight using these approaches (An, Kwak, Chao, & Morrey, 1984). 
 
20 
 
Figure 1-13: Free Body Diagram of the Elbow. Free body diagram of the elbow at 90° 
including important forces often included in a static analysis. These analyses are often 
used  to determine the joint reaction force (Fjoint) Left arm shown.  
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1.2.5 Bone and Joint Loading 
It has been suggested that the joint forces are greater in extension and pronation 
compared to flexion and supination (Azar, Canale, & Beaty, 2016). During axial loading 
with the elbow extended, the radiohumeral joint withstands approximately 60% of the 
axial load, with the remaining 40% being transferred to the ulnohumeral joint (Azar et al., 
2016; O’Driscoll et al., 2000). However, load transmission varies based on arm and 
forearm position. In the valgus position, there is contact between the radial head and 
capitellum, and load transmission occurs via direct axial loading of the radius (Markholf, 
Lamey, Yang, Meals, & Hotchkiss, 1998). In the varus position, contact between the 
radial head and capitellum is absent, and the load is transferred from the radius to the 
ulna through the interosseous membrane (Markholf et al., 1998).  
Markholf et al. (1998) determined the mean forces with the forearm in neutral rotation. 
They concluded that with the elbow in the valgus position, the mean force in the proximal 
end of the ulna was approximately 11.8% of the load applied at the wrist. In the varus 
position, the force averaged 93% (Markholf et al., 1998). These findings are important to 
consider when designing a rehabilitation regimen.  
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1.3   Lateral Collateral Ligament Injuries 
The LCL is a critical constraint against external and varus rotation, thus disruption of this 
ligament will often lead to instability (Olsen, Michael, Søjbjerg, Helmig, & Sneppen, 
1966). LCL injuries most commonly occur as the result of an elbow dislocation and 
secondarily can result from iatrogenic injury (Babhulkar, 2015; Osbourne & Cotterill, 
1966; Reichel, Milam, Sitton, Curry, & Mehlhoff, 2013).  
1.3.1 Pathology of Elbow Dislocations 
The elbow joint is the second most frequently dislocated major joint in the adult 
population and occurs in approximately 5.21 per 100 000 people, annually (Kuhn & 
Ross, 2008; Stoneback et al., 2012).  Most commonly, these injuries are the result of a 
fall on an outstretched arm (Mehlhoff, Noble, Bennett, & Tullos, 1988; Osbourne & 
Cotterill, 1966). Elbow dislocations may be simple or complex, characterized by the 
absence or presence of fractures, respectively (Hildebrand, Patterson, & King, 1999). One 
study found that 58% of simple dislocations occur on the non-dominant side (Josefsson, 
Johnell, & Gentz, 1984). Simple dislocations are generally described according to the 
direction that the ulna moves in relation to the proximal humerus with approximately 
90% dislocating posteriorly or posterolaterally (Cohen & Hastings II, 1998; Morrey & 
Sanchez-Sotelo, 2009; Shillingford & Levine, 2015). Simple dislocations will disrupt 
both the LCL and MCL (Armstrong, 2016; Bell, 2008; Josefsson et al., 1984). 
O’Driscoll et al. (2000) described three stages of acute elbow instability. Stage 1 is 
characterized by a partial or complete disruption of the LUCL, causing a posterolateral 
rotary subluxation. This stage causes posterolateral rotatory instability (PLRI) 
(O’Driscoll et al., 2000). In stage 2, further anterior and posterior disruption results in an 
incomplete posterolateral dislocation. Stage 3 may be further divided into three sections. 
In stage 3A, the posterior section of the MCL is disrupted and only the AMCL is left 
intact. In this situation, the elbow is stable to valgus stress and pronation of the forearm 
will maintain stability (O’Driscoll et al., 2000). In stage 3B, the AMCL is also disrupted, 
causing instability in varus, valgus and posterolateral rotations (O’Driscoll et al., 2000). 
In stage 3C, all of the soft tissues of the distal humerus are compromised causing severe 
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instability (O’Driscoll et al., 2000). More recently, Rhyou & Kim (2012) proposed a 
different mechanism of elbow dislocation that contrasts O’Driscoll.  They suggest that 
simple posterior lateral elbow dislocations begin on the medial side (Rhyou & Kim, 
2012).  
Posterolateral rotatory instability (PLRI) is the most common type of recurrent instability 
after a simple elbow dislocation (Reichel et al., 2013). PLRI occurs after external rotation 
of the radius and ulna relative to the distal humerus, which causes the radial head to shift 
posteriorly relative to the capitellum (Charalambous & Stanley, 2008).  Patients often 
experience symptoms including elbow pain, locking, clicking, snapping or recurrent 
dislocations during supination, extension and/or valgus force (Clitherow, McGuire, & 
Bain, 2014; Reichel et al., 2013).  
There are several methods used to diagnose PLRI including the “drawer sign”, the “chair 
sign”, and the “push up sign” (Arvind & Hargreaves, 2006; Regan & Lapner, 2006; 
Reichel et al., 2013), however the most common is the lateral pivot shift test (or PLRI 
test) (O’Driscoll, Bell, & Morrey, 1991). Often under general anesthesia, the patient is 
placed on their back with the arm in the overhead position and the forearm supinated. The 
patient’s arm is placed in full extension and then supination, and valgus and axial 
compression forces are applied. The elbow is then flexed and reduction of the elbow 
subluxation occurs at about 40° of flexion and may be accompanied by a large clunk 
(Morrey & Sanchez-Sotelo, 2009; O’Driscoll et al., 1991).  
1.3.2 Management 
Simple dislocations are usually managed non-operatively with a closed reduction under 
general anesthesia (Clitherow et al., 2014; Josefsson, Johnell, & Wendeberg, 1987b; 
Mica, Caekebeke, & Riet, 2016; O’Driscoll, Morrey, Korinek, & An, 1992; Ross, 
McDevitt, Chronister, & Ove, 1999; Shillingford & Levine, 2015; Szekeres, Chinchalkar, 
& King, 2008). Following reduction, there are several treatment options based on the 
stability of the elbow: immobilization in a static plaster, surgical repair of the MCL 
and/or LCL, or the most common, early motion with or without a sling, hinged brace or 
functional plaster (de Haan, Schep, Tuinebreijer, Patka, & den Hartog, 2010). A 
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rehabilitation regimen is also initiated to minimize the effects of immobilization, promote 
healing, recover ROM and muscle flexibility, and co-ordinate with the phases of 
histological healing (Fusaro, Orsini, Szorza, Rotini, & Benedetti, 2014; Wilk, Arrigo, & 
Andrews, 1993). 
1.3.2.1 Non-Operative Management 
Following a closed reduction, the elbow is immobilized in a splint at 90° for 5 to 10 days, 
then ROM exercises are initiated (Mehlhoff et al., 1988; Shillingford & Levine, 2015). 
LCL injuries are immobilized in pronation whereas MCL injuries are placed in supination 
(Fusaro et al., 2014). If there is injury to the MCL and LCL , the forearm is immobilized 
in the neutral position (Fusaro et al., 2014). Immobilization periods greater than 2 weeks 
are not recommended and have been shown to correlate with greater limitation of motion 
(Mehlhoff et al., 1988; Schippinger, Seibert, Steinböck, & Kucharczyk, 1999). Early 
motion helps to prevent elbow stiffness (de Haan et al., 2010; Maripuri, Debnath, Rao, & 
Mohanty, 2007; Mehlhoff et al., 1988; Szekeres et al., 2008). Ross et al. (1999) examined 
patients treated with immediate active range of motion and found that they achieved a 
final range of motion of -4° to 139° within an average of 19 days following reduction. 
Passive motion is avoided early on to reduce the risk of swelling, pain inhibition and 
ectopic ossification and is usually introduced at week 6 (Cohen & Hastings II, 1998; 
Dunning, Zarzour, Patterson, Johnson, & King, 2001c; Szekeres et al., 2008).  
If instability is present when the elbow is extended, the forearm is placed in pronation 
and extension greater than 60° is avoided but flexion is permitted (Clitherow et al., 2014; 
Hunt, 2016; O’Driscoll et al., 2000; Szekeres et al., 2008). Studies have found that active 
motion and supination provide greater stability for the MCL-deficient elbow and active 
motion and pronation stabilize the LCL-deficient elbow (Alolabi et al., 2012; Armstrong 
et al., 2000; Dunning et al., 2001c; Fraser et al., 2008; Pichora et al., 2007). After a 
simple dislocation, injury to the lateral side of the elbow is typically worse than the 
medial side because the common extensor origin is usually disrupted whereas the 
common flexor origin is left intact (Alolabi et al., 2012; McKee, Schemitsch, Sala, & 
O’Driscoll, 2003; O’Driscoll et al., 1992). Thus, pronation is more common to maintain 
stability (Alolabi et al., 2012). If pronation restores stability a hinged elbow orthosis 
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(HEO) is recommended by some to be worn for 6 weeks with the arm in pronation (Hunt, 
2016; O’Driscoll et al., 2000).  
The humerus can be positioned in the gravity overhead, vertical dependent, horizontal, 
varus or valgus positions during rehabilitation (Figure 1-14). When LCL instability is 
present, ROM exercises in the overhead position are often recommended as it is thought 
to minimize the effects of gravity (Wolff & Hotchkiss, 2006). The vertical dependent arm 
position is also suggested, whereas the varus position should be avoided (Dunning et al., 
2001c; Manocha, 2016).  When both the LCL and MCL are compromised, active motion 
with the arm in the horizontal and vertical dependent positions provides the most 
stability, whereas the varus and valgus positions are avoided (Alolabi et al., 2012).  
Although surgical repair is often not needed for a simple elbow dislocation, Mehlhoff et 
al. (1988) found that 60 percent of patients treated with only a closed reduction reported 
long-term symptoms. The patients had a mean loss of extension and flexion of 12.3° and 
6.3°, respectively. Additionally, 15% of patients reported more than 30° of flexion 
contracture, 45% described residual pain, and 35% experienced pain following valgus 
stress. Josefsson et al. (1987a) found that there was no significant difference between 
non-operative management and surgical repair after a simple elbow dislocation 
suggesting that regardless of the treatment approach, residual symptoms are common. 
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Figure 1-14: Humeral Rehabilitation Positions. Following elbow injury, the arm may 
be positioned in the following gravity-loaded positions: (A) vertical dependent, (B) 
horizontal, (C) varus, (D) vertical overhead, and (E) valgus. 
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1.3.2.2 Operative Management 
Patients affected by recurrent dislocations, or who have persistent instability following a 
closed reduction may have surgery to repair the LCL and/or MCL (Charalambous & 
Stanley, 2008; Mica et al., 2016; Osbourne & Cotterill, 1966; Sheps, Hildebrand, & 
Boorman, 2004).  If the elbow has remained dislocated for more than 2 weeks after the 
time of injury, an open reduction with ligamentous repair or reconstruction may be 
required (Sheps et al., 2004).  
The LCL may be repaired or reconstructed, however in acute cases, a repair is often 
sufficient as long as the ligament is of sufficient quality (Morrey & Sanchez-Sotelo, 
2009; Sheps et al., 2004; Smith, Savoie, & Field, 2001). If a repair is not possible, 
surgical reconstruction is performed with an autogenous or allograft tendon graft (Sheps 
et al., 2004).  Sanchez-Sotelo et al. (2005) found that LCL repair or reconstruction 
improved or eliminated stability in 89% of their patients. If instability persists after LCL 
repair, the MCL may be repaired as well (Armstrong, 2016). Heo et al. (2015) concluded 
that after a simple elbow dislocation, an LCL repair alone is often sufficient to obtain 
stability. This may be because while damage occurs to the ligaments on both sides, the 
LCL and common extensor origin often incurs more damage than the medial structures 
(Osbourne & Cotterill, 1966).   
Many authors have reported LCL reconstruction techniques (Nestor, O’Driscoll, & 
Morrey, 1992; Olsen & Søjbjerg, 2003; Sanchez-Sotelo, Morrey, & O’Driscoll, 2005; 
Tawari, Lawrence, & Stanley, 2013) however only repair techniques will be discussed 
herein. If an LCL repair is possible, the Kocher approach is usually utilized. This lateral 
approach uses the interval between the anconeus and extensor carpi ulnaris, which is 
directly over the LUCL (Antuña & Barco, 2014; Armstrong, 2016; Hunt, 2016). Bone 
tunnels or suture anchors are then used to repair the LCL (Wiesel, 2015). Using a 
humeral bone tunnel, non-absorbable sutures are used to attach the LCL to the isometric 
point of insertion on the humerus, where avulsion is most common (Armstrong, 2016; G. 
Fraser et al., 2008; Hunt, 2016; Josefsson, et al., 1987a; McKee et al., 2003; Mimic, Kim, 
Park, Kim, & Jeon, 2009; Nestor et al., 1992; Sheps et al., 2004; Wiesel, 2015). This 
point is located in line with the axis of rotation of the elbow, at the lateral epicondyle 
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(Armstrong, 2016). In a transosseous repair method described by Fraser et al. (2008), the 
suture is passed through the tunnel at the center of curvature of the capitellum to the 
lateral supracondylar ridge of the humerus. They investigated the effects of repair 
tensions of 20, 40 and 60 N and recommended an LCL repair tension of 20 N or less to 
reestablish the normal kinematics of the elbow. Suture anchors can also be used but 
carefully controlled ligament tensioning should be performed and elbow stability checked 
before locking the anchor (Lee, Eng, Keogn, McLean, & Bain, 2012). 
If the elbow remains unstable following ligament repair or reconstruction, a hinged 
external fixator with pins inserted into the humerus and ulna may be applied to maintain 
reduction while allowing joint motion (Cohen & Hastings II, 1998; Hildebrand et al., 
1999; Sheps et al., 2004). If the elbow is stable after the repair, a HEO with or without an 
extension block is recommended by some for 6 weeks (Sheps et al., 2004). 
1.3.3 Orthoses 
Elbow orthoses or braces may be ready-made or individually customized to the patient 
(Beam, 2011; Fusaro et al., 2014). Customized braces are often made of thermoplastic 
materials with thicknesses ranging from 2 to 5 mm and are often more expensive (Beam, 
2011; Fusaro et al., 2014). Low-temperature thermoplastic braces are advantageous 
because they are lightweight and can be fabricated soon after injury, however they often 
cannot provide adequate stiffness (Lunsford & DiBello, 2008). Ready-made braces are 
often designed with an aluminum frame, and silicone or neoprene padding for patient 
comfort (Fusaro et al., 2014). While stainless steel is extremely strong, it is better suited 
for lower limb orthosis due to its heavy weight. Aluminum is less strong and stiff than 
stainless steel but is also approximately one-third of the weight (May & Lockard, 2011). 
Hook and loop fastener straps or press-studs are used to secure the joint and minimize 
movement, (Fusaro et al., 2014). 
Based on their intent, orthoses can be classified into immobilization (or supportive), 
mobilization (or corrective) or restriction (or protective) braces (Jacobs, 2003; Lunsford 
& DiBello, 2008). In the initial period post-injury or post-surgery of the LCL the patient 
is usually placed in an immobilization brace at 90 to 120 of flexion for 3 to 5 days with 
29 
the forearm pronated (Fusaro et al., 2014; Jacobs, 2003; Rotini & Marinelli, 2008; 
Szekeres et al., 2008). The goal of this brace is to reduce edema and pain, and promote 
healing (Fusaro et al., 2014).   
After 1 to 7 days, restrictive braces may be used to limit motion if residual instability is 
present following LCL injury or repair (Cohen & Hastings II, 1998; Jacobs, 2003; 
Szekeres et al., 2008). These braces are designed with adjustable ROM in 
flexion/extension and/or pronation/supination (Fusaro et al., 2014; Jacobs, 2003). 
Generally, extension is limited after a posterior elbow dislocation by a hinged elbow 
orthosis (HEO) (Jacobs, 2003). The hinge can be locked to limit extension but permit full 
flexion while the extension limit is gradually reduced over a period of 4 to 6 weeks 
(Jacobs, 2003; Wolff & Hotchkiss, 2006).  
1.3.3.1 Hinged Elbow Orthoses (HEOs) 
There are many components that must be considered in the design of a HEO. They may 
have a hinge on the medial side alone, or on both sides of the elbow. The hinges may also 
be exposed or protected in a sleeve (Griffin, Kercher, & Shoop, 2008). Most HEOs use a 
four-point pressure system with two forces provided by the two straps on the upper arm 
and two as a result of the straps on the forearm (Lunsford & Contoyannis, 2008). The 
orthosis operates as a three-point lever system with one middle force acting in the 
opposite direction to two other forces, proximal and distal to the middle force (Edelstein 
& Bruckner, 2002; Fess, 1995). The upper arm and forearm act as the proximal and distal 
lever arms, with the hinge providing the opposing force and acting as the fulcrum (Fess, 
1995; Lunsford & Contoyannis, 2008).  
Patient comfort must also be taken into account when designing an orthosis (Fess, 1995). 
Placement of the elbow cuffs closer to the hinge can maximize the lever system and 
increase skin comfort for the patient (Griffin et al., 2008). The orthosis may also be 
designed with longer longitudinal arms to increase the surface area of force applied to the 
arm, which can decrease the pressure at either end, thus increasing patient comfort 
(Edelstein & Bruckner, 2002; Fess, 1995).   
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HEO’s often preferred by surgeons are the Bledsoe Brace (Bledsoe Brace Systems, 
Grand Prairie, TX) or the Mayo Clinic Universal Elbow Brace (Aircast, Summit, NJ) 
(Wolff & Hotchkiss, 2006). The Bledsoe Hinged Elbow Brace can be used following a 
dislocation to prevent hyperextension. It features cross straps to control elbow extension 
as well as dual removable hinges (Figure 1-15). Bledsoe also offers hinged elbow braces 
for use specifically following injury or surgery. The three post-op braces, the T-Chek 
Brace, Telescoping Elbow Brace, and Extender Arm Brace, feature a single hinge to limit 
range of motion as well as large cuffs to improve patient comfort. The Mayo Clinic 
Universal Elbow brace is another HEO that features a mechanical hinge and a control 
knob to control range of motion using an allen key (Figure 1-16). The brace has four 
longitudinal metal arms connected by four arm straps (2 on the forearm and 2 on the 
upper arm).  
There is limited research on the efficacy of elbow braces following ligamentous injury. 
One study using the Mayo Clinic Universal Elbow Brace found that following injury to 
the LCL, an HEO did not significantly affect elbow stability during active motion and 
interestingly, was more harmful during passive motion (Manocha, 2016). Another study 
utilized the Bledsoe Telescoping Elbow Brace to quantify the efficacy of HEO’s 
following LCL injury. During passive motion in the dependent orientation, it was found 
that the brace caused nearly double the ulnohumeral distraction compared to the intact 
elbow, however it was not statistically significant (Lee et al., 2013).   
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Figure 1-15: Bledsoe Hinged Elbow Orthoses. Bledsoe’s hinged elbow orthoses 
include (A) Bledsoe Hinged Elbow Brace, (B) Bledsoe T-Chek Post-Op Elbow Brace (C) 
Bledsoe Telescoping Elbow Brace and (D) Bledsoe Extender Arm Post-Op Elbow Brace  
(Bledsoe Brace Systems, Grand Prairie, TX). 
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Figure 1-16: Mayo Clinic Universal Elbow Brace. Mayo Clinic’s hinged elbow 
orthosis (HEO) is often used following elbow trauma (Aircast, Summit, NJ) (DJO 
Canada, 2016). 
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1.4 In Vitro Assessment of the Elbow 
Modeling in vivo elbow motion is difficult to achieve but it is an important tool to gain a 
better understanding of elbow physiology, disorders and injuries. Elbow simulation in 
vitro is often achieved with the arm in one of four positions: vertical, horizontal, varus 
and valgus positions (Ferreira, Johnson, & King, 2010). 
1.4.1 Motion Simulators 
In vitro elbow simulation models motion pathways and can provide a better 
understanding of elbow kinematics and joint stability following injury (Dunning, Gordon, 
King, & Johnson, 2003). In the intact state, in vitro active simulation has been shown to 
more accurately represent in vivo elbow motion and provide more stability than passive 
motion (Dunning, Duck, King, & Johnson, 2001a; Johnson, Rath, Dunning, Roth, & 
King, 2000). Additionally, as discussed in Section 1.3.3.1, elbow dislocations are 
frequently rehabilitated actively for the first six weeks post-injury, while passive motion 
is avoided (Alolabi et al., 2012; Armstrong et al., 2000; Cohen & Hastings II, 1998; 
Dunning et al., 2001c). Thus, active motion would better model the early stages of 
rehabilitation and provide a greater understanding of the in vivo state.  
Active elbow motion simulators will often control muscles using pneumatic, hydraulic or 
electromechanical actuators, or by motor control (Ferreira, 2011; Magnusen, 2004; 
Schimoler, 2008; Tanaka et al., 1998). The five main muscles of elbow motion most 
often controlled during simulation are the biceps, triceps, brachialis, brachioradialis and 
pronator teres (Lazar et al., 2015).   
At the Roth McFarlane Hand and Upper Limb Centre (HULC) in London Ontario an in 
vitro active elbow motion simulator was developed that will be used for this thesis 
(Figure 1-17). The simulator was first described in 1997 and featured load-controlled 
motion by connecting the five main elbow muscles to pneumatic actuators via stainless 
steel cables (Rath, 1997). The muscle loads were proportionally calculated using 
electromyography (EMG) data and cross sectional areas (CSA) (Amis, Dowson, & 
Wright, 1979; Funk, An, Morrey, & Daube, 1987). Repeatable active motion in the 
vertical position was achieved and passive motion could also be evaluated in the varus 
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and valgus positions (Dunning et al., 2001a). The simulator was later modified to 
incorporate displacement-controlled motion into the load-controlled system (Dunning et 
al., 2003). The brachialis, designated as the prime mover, was position-controlled by 
moving the piston of the actuator at a constant velocity. The remaining muscles were 
load-controlled based on the muscle-loading ratio obtained from EMG and CSA data 
(Amis et al., 1979; Dunning et al., 2003; Funk et al., 1987). This version provided highly 
repeatable results in the vertical, varus and valgus orientations, however varus and valgus 
positions were achieved with greater difficulty (Dunning et al., 2003). The simulator was 
again modified to simulate flexion/extension in the vertical, varus, valgus and horizontal 
positions (Ferreira, 2011). Servo-motors were incorporated to control the biceps, 
brachialis and triceps and strain-gauge instrumented motor mounts provided load 
feedback. For each arm position and forearm position (supination, neutral and pronation) 
a muscle was designated as the prime mover. The remaining muscles were connected to 
pneumatic actuators. To negate the effects of gravity, wrist extensors (extensor carpi 
ulnaris and radialis longus) and flexors (flexor carpi ulnaris and radialis) were also 
actuator-controlled (Ferreira et al., 2010). Most recently, the simulator was adapted to 
include motion in the vertical overhead position (Kusins, 2015).   
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Figure 1-17: Active Elbow Motion Simulator. Elbow motion simulator designed at the 
HULC to simulate active elbow flexion-extension using a combination of computer 
controlled servomotors and pneumatic actuators. Right arm shown in the vertical 
dependent arm position (Manocha, 2016). 
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1.4.2 Motion Tracking 
Real-time kinematic modeling can be accomplished using tracking systems to determine 
both the position and orientation of an object.  The two main systems used for kinematic 
assessment are optical and electromagnetic tracking (Eckhouse, Penny, & Maulucci, 
1996). While optical trackers are very precise, a direct line of sight is required from the 
camera to the tracker. Electromagnetic systems are also very precise however 
interference may be caused by ferromagnetic or electrical devices nearby (Craig, 2013; 
Poulin & Amoit, 2002). For the purpose of this thesis, the rotation the simulator into 
different arm position and the HEO mounted onto the cadaveric arm were expected to 
obstruct the line of sight, thus electromagnetic tracking was chosen for this application. 
Electromagnetic tracking systems feature a transmitter with three orthogonal antennas 
located in a fixed position that generates a magnetic field by alternating current (AC) or 
directed current (DC) (Birkfellner, Hummel, Wilson, & Cleary, 2008; Craig, 2013). The 
signal acquired by one or more receiving units (sensors), also with three orthogonal 
antennas, is analyzed to determine the sensor’s location and orientation (Craig, 2013).  
These systems can track motion in six degrees of freedom (Craig, 2013). 
A popular electromagnetic tracking system used to model in vitro motion of the elbow 
following ligamentous injury is the Flock of Birds® (Ascension Technology Corporation, 
Burlington, VT) technology, which will be referred to and used later on in this thesis 
(Figure 1-18) (Armstrong et al., 2000; Dunning, Zarzour, Patterson, Johnson, & King, 
2001b; Dunning et al., 2001c; Fraser et al., 2008; Johnson et al., 2000; Pichora et al., 
2007).  This system uses pulsed DC and can track up to four sensors. DC-based systems 
are better suited than an AC-based system when conductive metals such as stainless steel 
and aluminum are present.  A DC-based system can minimize distortions caused by 
metals by turning the magnetic field on and off at certain frequencies, whereas AC-based 
systems emit a continuous magnetic field (Birkfellner et al., 2008). The manufacturer for 
the Flock of Birds® tracking system specifies static position and angular accuracy of 1.8 
mm root mean square (RMS) and 0.5 RMS, respectively (Ascension, 2000).   
 
37 
  
 
Figure 1-18: Flock of Birds® Electromagnetic Tracking System. The electromagnetic 
tracking system designed by Ascension Technologies Inc., (Burlington, VT) features a 
fixed transmiitter (Tr) that emits an electromagnetic field from three orthogonal coils. 
The field induces currents in the receiver’s antennae (RC1 and RC2) . The control box 
interprets the signals and outputs the magnitudes as positions and rotations of each 
receiver relative to the transmitter (Ferreira, 2011). 
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Y 
Z 
X 
Y 
Z 
Transmitter 
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Studies using the simulator designed at the HULC have often used the Flock of Birds® 
tracking system to investigate elbow joint kinematics (Armstrong et al., 2000; Dunning et 
al., 2001a; Dunning et al., 2001c; Johnson et al., 2000) The transmitter is fixed on the 
simulator with respect to the humerus and a receiver is fixed to the ulna. Following 
ligamentous injury, the kinematic data can be used to compare the varus-valgus 
angulation (VVA) and internal-external rotation (IER) of the intact elbow to its injured 
state, to quantify stability (Figure 1-19) (Alolabi et al., 2012; Dunning et al., 2001a; 
Dunning et al., 2001c; Fraser et al., 2008; Johnson et al., 2000). 
 
Figure 1-19: Kinematic References of the Elbow. Kinematics of the elbow are often 
used to measure elbow stability.  These include varus and valgus motion of the ulna with 
respect to humerus in the coronal plane as well as internal and external rotation of the 
ulna about its long axis (Manocha, 2016). 
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1.4.3 Measurement of Ligament Tension 
Knowledge of ligament loading following ligamentous injury and repair is imperative to 
optimize treatment. Many techniques have been developed for load measurement in the 
lower extremity, however there is minimal research reporting ligament tension in the 
elbow.  There are a variety of devices for direct ligament measurement including buckle 
transducers and load cells.  
Buckle transducers are commonly used in vivo to determine ligament load through 
deformation and therefore strain. Under axial loading, an increase in ligament tension 
causes deformation in a transverse beam instrumented with strain gauges (An, 2003). A 
previously mentioned study inserted a buckle load transducer into the AMCL (Fay, 
Lalone, Ferreira, Johnson, & King, 2010).  
Load cells are electrical transducers that are a feasible load measurement option in vitro. 
An electrical signal is generated in response to an applied force. Strain gauge load cells 
are the most common. The typical configuration includes a Wheatstone bridge, which has 
four strain gauges that elastically deform when subjected to a force (Elbestawi, 2014). 
The Subminiature Model 11 load cell (Honeywell, Golden Valley, MN, USA), with a 100 
lb capacity, capable of measuring forces in tension and compression will be utilized for 
this thesis (Figure 1-20).   
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Figure 1-20: Subminiature Model 11 Load Cell (Honeywell, Golden Valley, MN, 
USA). A one degree of freedom (DOF) load cell capable of measuring loads in 
compression (blue) and tension (red). 
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1.5  Thesis Rationale 
The elbow is the second most commonly dislocated joint among adults and frequently 
results in injury to the LCL (Babhulkar, 2015; Osbourne & Cotterill, 1966; Reichel, 
Milam, Sitton, Curry, & Mehlhoff, 2013; Kuhn & Ross, 2008). Orthoses are regularly 
prescribed to patients following LCL injury or repair, however the effects on elbow 
stability have not been sufficiently investigated. Interestingly, one study found that 
hinged elbow orthoses did not significantly improve stability in most situations, and 
worsened instability in certain arm positions (Manocha, 2016). In another study, only 
passive motion in the vertical dependent position was investigated and found no 
significant differences (Lee et al., 2013). It is important for clinicians to understand if 
HEOs are, in fact, improving stability or if they are increasing stress and preventing 
optimal healing.  
The elbow has a native carrying angle of approximately 11-14° in men, and 13-16° in 
women (Atkinson & Elftman, 1945; Morrey & Sanchez-Sotelo, 2009; Paraskevas et al., 
2004; Terra et al., 2011; van Roy, Baeyens, Fauvart, Lanssiers, & Clarijs, 2005), 
however, the orthoses that currently exist feature a straight hinge and do not account for 
this valgus angulation. It is important to investigate the impacts of changing this angle 
through the design of an adjustable hinged elbow orthosis. Understanding the optimal 
varus-valgus angle for an elbow orthosis may influence future designs and manufacturing 
as well as clinical practices.  
Tension in the MCL has been investigated, however, due to its complex anatomical 
structure, LCL loads are more difficult to examine in vitro. The biomechanical 
implications of the load changes and patterns of the LCL, with and without an orthosis, 
could be applied to clinical interventions.  In combination with the kinematic 
investigation presented in this thesis, the load data could improve rehabilitation regimens 
and provide useful information when developing better LCL repair techniques and 
reconstructions.   
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1.6 Objectives & Hypotheses 
The specific objectives of this these are as follows: 
1. To design and construct an adjustable hinged elbow orthosis for examining in 
vitro kinematics and biomechanics of the elbow following LCL injury; 
2. To determine the effects changing the valgus angulation of the hinged elbow 
orthosis on elbow kinematics during simulated LCL injury; 
3. To quantify the LCL load throughout simulated active and passive elbow 
flexion-extension with the arm in dependent and varus orientations and with 
the forearm pronated and supinated.  
The specific hypothesis of this work are as follows: 
1.  Active motion and pronation will provide more elbow stability than passive 
motion and supination in the vertical dependent and varus arm positions. 
2. The orthosis will provide more stability following an LCL injury or repair in 
varus and dependent positions. 
3. Increasing the valgus angle of the orthosis will provide more stability in elbow 
extension, however at higher valgus angles it will cause greater instability with 
the elbow in flexion.  
4. The orthosis will decrease the load through the LCL and will further decrease 
the load as the valgus angulation of the orthosis is increased. 
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1.7 Thesis Overview 
Chapter 2 describes the design and development of a variable hinged elbow orthosis. The 
orthosis features an adjustable length and width as well as varus and valgus angle.   
Chapter 3 presents an in vitro kinematic study to determine the effectiveness of a hinged 
elbow orthosis following LCL injury. LCL injury is simulated and the orthosis is tested at 
0°, 5°, 10°, 15° and 20° of valgus angulation. The arm is placed in the dependent and 
varus positions, with the forearm pronated and supinated. In each position, simulated 
active and passive flexion is conducted. 
Chapter 4 investigates the effects of an orthosis on the in vitro LCL loads during flexion. 
An LCL repair at 20 N is simulated. The loads are evaluated during simulated active and 
passive motion with the arm in dependent and varus positions and with the forearm both 
pronated and supinated. 
Chapter 5 provides an overview and discussion of the work presented. The potential 
impacts for rehabilitation following LCL injury and future directions are also described.   
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Chapter 2 
2 Design and Development of an Experimental Hinged 
Elbow Orthosis for Examining In Vitro Kinematics and 
Biomechanics of the LCL-Injured Elbow 
Overview 
This chapter focuses on the design of an adjustable hinged elbow orthosis (HEO) to 
investigate the effects of hinged elbow orthosis (HEO) valgus angulation following elbow 
injury. The rationale behind the HEO design, components and measurements are 
explained. An overview of an active motion elbow simulator and kinematic data 
acquisition is discussed. The reliability of the elbow orthosis measurements is also 
examined. 
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2.1 Hinged Elbow Orthosis (HEO) Design Rationale  
An adjustable hinged elbow orthosis (HEO) was developed to study the effect of brace 
(valgus) angle on the stability of the lateral collateral ligament (LCL) deficient elbow. 
Existing HEOs such as the Bledsoe and Mayo Clinic elbow HEOs are designed with no 
valgus angulation, which does not take into account the native anatomy of the elbow. In 
full extension, the elbow has a valgus orientation called the carrying angle, of 
approximately 11° to 14° and 13° to 16° in men and women, respectively (Atkinson & 
Elftman, 1945; Morrey & Sanchez-Sotelo, 2009; Paraskevas et al., 2004; Terra et al., 
2011; van Roy, Baeyens, Fauvart, Lanssiers, & Clarijs, 2005). As the elbow is flexed, the 
valgus angle continuously decreases and eventually reaches a varus orientation towards 
full flexion (Morrey, Askew, An, & Chao, 1981).  
The objective of this project was to design and fabricate a HEO with an adjustable valgus 
angulation in order to investigate its effects on the LCL injured elbow using in-vitro 
biomechanical testing. A secondary objective of the design was to include an adjustable 
width to ensure a secure fit to each arm, with minimal internal movement. The orthosis 
was developed to examine the kinematics and LCL loads in various arm positions and 
forearm rotations.  
2.2 HEO Design and Function 
Figure 2-1 depicts an overview of the experimental HEO designed to investigate the 
effect of LCL injuries. Four rigid arms (two humeral and two forearm) were designed and 
3D printed from plastic. Aluminum rods, held in place by setscrews, attach the medial 
and lateral HEO arms to each other. The connecting hinge mechanisms on the medial and 
lateral sides of the elbow are comprised of a custom designed brass connector, yoke ends, 
and aluminum rods. Engineering drawings and specifications of all components are 
included in Appendix B.  
Hook-and-loop fastener straps (BlueDot Trading, Poway, CA, USA) were fabricated and 
connected anteriorly, from the medial to lateral sides of the HEO, to secure it firmly 
around the arm, mimicking the clinical scenario. The interior surface was lined with 
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sponges for comfort by avoiding pressure points between the HEO and skin. The HEO 
was developed to investigate LCL injures, most often resulting from elbow dislocations 
and fracture-dislocations (Babhulkar, 2015; Osbourne & Cotterill, 1966; Reichel, Milam, 
Sitton, Curry, & Mehlhoff, 2013). The in vitro studies in this thesis were conducted on 
left arms only; therefore, the anatomical references described for the duration of this 
chapter are in reference to a left elbow joint. 
 
Figure 2-1: Overview of HEO Design.  Overview of the modular brace design from its 
isometric (A), anterior (B) and posterior (C) views. The design incorporates four arms 
(two humeral and two forearm) and two hinge mechanisms (medial and lateral). 
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2.2.1 HEO Arms 
The humeral (proximal) and forearm (distal) arms of the HEO (Figure 2-2 and Figure 
2-3), were 3D printed from plastic (Tough, Formlabs Inc., Somerville, MA, USA). 
Designed similar to ABS plastic, this strong polymer resin has an elastic modulus of 2.7 
GPA and was used to avoid metallic interference with the electromagnetic tracker 
previously described in Chapter 1 (Section 1.4.2.). The two medial arms were designed as 
mirror images of the lateral arms. To ensure rigidity of the HEO, each arm features two 
cuffs connecting the medial and lateral arms posteriorly. Two slots were also added 
anteriorly on each arm to attach the fastener straps.  
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Figure 2-2: Humeral HEO Arms. Proximally, there are two arms (medial and lateral) 
that surround the upper arm. Aluminum rods, held in place by brass set screws, connect 
the arms. Isometric (A), anterior (B) and posterior (C) views are shown. 
 
Figure 2-3: Forearm HEO Arms. The distal end is comprised of two 3-D printed arms, 
tapered distally.  Similar to the humeral arms, the distal arms are connected by 
aluminum rods that are held in place by setscrews. Isometric (A), anterior (B) and 
posterior (C) views are shown. 
 
62 
2.2.1.1 Humeral Arms 
The medial and lateral humeral arms were connected using two 5/16’’ diameter, 66 mm 
long aluminum rods at each cuff. Two brass, M2.5 heat set inserts (McMaster-Carr, 
Elmhurst, IL, USA) were secure into the cuff. M2.5 stainless steel flat-tip set screws 
(McMaster-Carr, Elmhurst, IL, USA) were inserted into the heat set inserts to hold the 
aluminum rod securely at the desired width. To change the width of the HEO, the 
setscrews were loosened using an allen key, the width was adjusted, and the setscrews 
were retightened. At the smallest width, with the cuffs directly aligned, the width is 83 
mm. Based on the anthropometric data for 40-year-old American males, the 5th percentile 
of the biceps diameter is approximately 86.9 mm (National Aeronautics and Space 
Administration, 1995).  Thus, a minimum width of 83 mm was selected to ensure that the 
HEO would be suitable for smaller cadaveric arms. At the largest width, the width is 11.2 
mm corresponding to the biceps diameter of 40-year-old American males in the 95th 
percentile (National Aeronautics and Space Administration, 1995). However, 80 mm rods 
were also machined for use in larger specimens if required. 
At the distal ends of the humeral arms, a 5/16” diameter aluminum rod was inserted and 
secured in place by an M4 stainless steel flat-tip setscrew (McMaster-Carr, Elmhurst, IL, 
USA), housed by a brass M4 heat set insert for plastic (McMaster-Carr, Elmhurst, IL, 
USA), as previously described. The adjustability of these rods serves a dual function; 1) 
both rods may be moved distally to increase the length of the orthosis to accommodate 
longer specimens, and 2) the rods adjust the valgus angle of the HEO, as described 
further in Section 2.2.2 ahead.  
2.2.1.2 The Forearm Arms 
The medial and lateral forearm arms of the orthosis were designed almost identical to 
the proximal (humeral) arms, however, the most distal cuff was tapered to decrease the 
width of the HEO at the distal forearm. This design feature decreases the bulk of the 
orthosis and ensures a tighter fit to minimize internal arm movement.  The cuffs were 
held together by the same mechanism as the humeral arms, comprising aluminum rods 
and setscrews. Similarly, a 5/16’’ aluminum rod was inserted at the proximal end of both 
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the medial and lateral arms and two slots were designed anteriorly on each arm to attach 
the fastener straps. 
2.2.2 Hinge Mechanism 
The modular hinge mechanism illustrated in Figure 2-4 was designed to adjust the 
valgus angle of the HEO as well as permit elbow flexion and extension. Although only 
left arms were studied in this thesis for convenience, the hinge mechanism was included 
on both sides of the HEO to ensure that it would be suitable for both left and right arms. 
The medial and lateral hinge mechanisms each feature two 5/16” aluminum rods, a 
galvanized steel yoke end, a custom machined brass connector, a 3-mm diameter cotter 
pin, and an M6 stainless steel bolt. Non-ferrous metals were utilized as much as possible 
to avoid magnetic interference with the electromagnetic tracking system.  
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Figure 2-4: Hinge Mechanism. An isometric (A), anterior (B) and posterior (C) view of 
the hinge mechanism is shown. The mechanism is comprised of two aluminum rods, a 
custom machined brass connector, a yoke end, a cotter pin and an internal hex bolt. This 
mechanism allows unrestricted flexion-extension as well as an adjustable valgus 
angulation of the HEO. 
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To permit elbow flexion-extension, the rods were proximally attached to yoke ends via 
cotter pins (Figure 2-5). The distal ends of the rods were secured into the HEO forearm 
arms. This allows the humeral arms to stay fixed, while the proximal arms freely flex and 
extend. 
 
 
Figure 2-5: Flexion-Extension of the HEO. The connection between the yoke end 
aluminum rod permits the arm to freely flex and extend. Pictured is the HEO at 0 degrees 
(A), 45 degrees (B) and 90 degrees (C) of flexion. 
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The connection between the brass connector and yoke end permits varus-valgus 
angulation as demonstrated. For the purpose of this thesis, only valgus HEO angulation 
will be implemented, as seen in Figure 2-6. The brass connectors were secured to the 
yoke ends using M6 internal hex bolts. Proximally, aluminum rods were threaded into the 
brass components to attach the hinge mechanisms to the rigid humeral arms. During 
experimentation, the valgus angle of the HEO was increased from 0° to 20° at 5° 
intervals, by loosening the bolts as well as the setscrews on the medial side of the HEO. 
The HEO was then moved to its desired angle, and the bolts were retightened. During this 
process, the proximal and distal aluminum rods of the medial hinge were moved out of 
the rigid humeral and forearm arms.  
 
Figure 2-6: Valgus Angulation of the HEO. The attachment of the yoke end to the brass 
connector allows the valgus angulation of the HEO to be adjusted and secured in place.  
Pictured are valgus angles of 0 degrees (A), 10 degrees (B) and 20 degrees (C) for a left 
elbow joint. 
67 
2.3 Experimental Testing 
An existing active motion elbow simulator was used to simulate elbow flexion and 
extension using a custom LabVIEW software (National Instruments Corporation, Austin, 
TX) (Armstrong et al., 2000; Cynthia E. Dunning, Duck, King, & Johnson, 2001; 
Ferreira, 2011; Johnson, Rath, Dunning, Roth, & King, 2000). The simulator is shown in 
Figure 2-7. To quantify the reliability of the HEO, five active and passive flexion-
extension trials were conducted in the vertical dependent position with the forearm 
pronated on the same cadaveric specimen.  
2.3.1 Specimen Preparation 
One fresh-frozen cadaveric upper extremity stored at -20℃ was thawed at room 
temperature (22 ±2℃) for approximately 18 hours. The distal tendons of the biceps, 
brachialis, triceps, brachioradialis, pronator teres, wrist flexors (flexor carpi radialis and 
flexor carpi ulnaris) and wrist extensors (extensor carpi radialis longus and extensor carpi 
ulnaris) were sutured with braided fishing line (Bravefishermen, Shanghai, China). In 
order to reproduce anatomic lines of action, alignment guides were placed near the 
medial and lateral epicondyles, as well as at the supracondylar ridge (Figure 2-8). The 
pronator teres and wrist flexors were passed subcutaneously through the medial 
epicondylar guide, the wrist extensors through the lateral epicondylar guide, and the 
brachioradialis at the supracondylar ridge. A custom designed 8 mm stainless steel rod 
was rigidly fixed into the medullary canal of the humerus with bone cement (Stryker, 
Kalamazoo, MI) (Figure 2-9). The specimen was then mounted onto a custom humeral 
clamp on the elbow simulator. The biceps, brachialis and triceps were connected to 
computer-controlled motors and the remaining muscles were connected to actuators.  
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Figure 2-7: Active Elbow Motion Simulator. An elbow simulator capable of loading 
various muscles using computer-controlled servomotors and pneumatic actuators to 
simulate active flexion-extension. The arm is rigidly connected to the simulator by a 
humeral clamp. A transmitter on the simulator base and an electromagnetic tracker fixed 
to the ulna record ulnohumeral kinematics during in vitro experimentation. This image 
depicts the simulator in the (A) dependent position (B) overhead position, (C) varus 
position and (D) horizontal position. Right arm shown (Manocha 2016).  
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Figure 2-8: Suture Alignment Guides. Alignment guides were placed laterally (A) and 
medially (B). The sutures connecting the wrist extensors and brachioradialis were passed 
through the lateral guides, whereas the pronator teres and wrist flexors were inserted 
through the medial guides. 
Proximal	
Distal	
A	 B	
Distal	
Proximal	
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Figure 2-9: Humeral Clamping System.  A stainless steel humeral rod was cemented 
into the humeral canal using bone cement. The humeral rod was then ridigly fixed to a 
humeral clamp on the base of the simulator. Left arm shown. 
  
Humeral	
Clamp	
Humeral	
Rod	
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2.3.2 Testing Protocol 
Five active and passive elbow flexion-extension motions were simulated with the forearm 
pronated, while the varus-valgus angulation and internal-external rotation ulnohumeral 
kinematics were simultaneously measured. Passive extension trials were conducted by 
the same investigator (SB) grasping the wrist, rotating the forearm into pronation, and 
manually extending the arm at a rate of approximately 10° per second. In order to 
simulate active flexion and extension, a custom designed LabVIEW program (National 
Instruments, Austin, TX, USA) was used for motor and actuator control as well as 
kinematic data collection (Dunning, Zarzour, Patterson, Johnson, & King, 2001; Ferreira, 
2011; Johnson et al., 2000; Kusins, Willing, King, & Ferreira, 2016).  The biceps, triceps 
and brachialis loads were controlled by employing the maximum voluntary contraction of 
each muscle based on in vivo electromyographic (EMG) values and cross section areas 
(CSA) reported (Amis, Dowson, & Wright, 1979; Funk, An, Morrey, & Daube, 1987). A 
10 N tone load was also applied to the wrist flexors and extensors to stabilize the hand. A 
tone load of 40 – 60 N was applied to the pronator teres to maintain the forearm in 
pronation. Active motion trials were also conducted at a rate of approximately 10 
degrees/second.   
Testing was conducted on the LCL-injured elbow, which was simulated by sectioning 
both the LCL and common extensor origin (CEO). The interval between the anconeus 
and extensor carpi ulnaris was opened and the LUCL and RCL were released off the 
lateral epicondyle. All skin incisions were sutured during testing to keep the soft tissues 
moist. The HEO was placed on the arm by palpating the medial and lateral epicondyles to 
determine the flexion-extension axis of the elbow and aligning the center of the hinge 
mechanism with it. The HEO straps were then secured tightly. The five active and 
passive pronation trials were conducted in the vertical dependent position with the HEO 
at 0°. The HEO was then changed to 15° of valgus angulation and the testing sequence 
was repeated.  
The Flock of Birds® (Ascension Technology Corporation, Burlington, VT, USA) a six-
DOF electromagnetic tracking system was employed to track varus-valgus angulation 
(VVA) and internal-external rotation (IER) of the ulna relative to the humerus.  A 
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transmitter was rigidly fixed to the base of the simulator, and a receiver was securely 
fixed to the medial ulna (Figure 2-10). The tracker mount was carefully placed to ensure 
that there was no soft tissue impingement or brace obstruction throughout the range of 
motion. After testing was completed, the wrist and elbow joints were disarticulated to 
create anatomic humeral and ulnar coordinate systems via digitization. A Delrin® 
(DuPont, Wilmington, DE, USA) stylus was used to digitize the center of the humeral 
shaft, the center of the trochlear groove and the center of curvature of the capitellum to 
create the humeral coordinate system. For the ulnar coordinate system the center and 
plane of the greater sigmoid notch as well as the tip of the ulnar styloid were digitized. 
Using the Euler Z-Y-X sequence, the relative motion of the ulna with respect to the 
humerus was determined and VVA and IER measurements at each extension angle were 
calculated. As a measure of reliability, a single measures intraclass correlation coefficient 
(ICC) between each of the five trials was calculated using SPSS 25.0 (SPSS Inc, 
Chicago, IL, USA).   
 
Figure 2-10: Ulnar Receiver. A tracker mount was secured to the ulna using cortical 
screws. The ulnar tracker was then fixed to the mount to transmit ulnar orientation 
information to the electromagnetic tracking system. Anterior (A) and lateral (B) views of 
a left forearm are shown. 
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2.4 Results 
The HEO produced reliable results for both the kinematic variables (VVA and IER) 
analyzed. Only the results of flexion trials are presented and discussed, as the outcomes 
were similar during extension trials. ICC values less than 0.5, between 0.5 and 0.75, 
between 0.75 and 0.9 and greater than 0.9 indicated poor, moderate, good and excellent 
reliability (Koo & Li, 2016). 
Reliability trials for VVA during active elbow flexion (Figure 2-11) resulted in single 
measures ICC = 0.998 with the HEO at 0° and ICC = 0.999 with the HEO at 15°. For IER 
measurements (Figure 2-12) the ICC values were 0.997 and 0.998 with the HEO at 0° 
and 15°, respectively. 
Passive flexion trials produced less reliable results.  VVA measurements (Figure 2-13) 
with the HEO at 0° and 15° were found to have ICC = 0.895 and 0.707, respectively. 
Reliability of the IER values were found to be 0.956 and 0.425 for HEO valgus 
angulation of 0° and 15°, respectively (Figure 2-14). 
When the first of the five passive trials was removed and the single measures ICC values 
were recalculated, the reliability increased tremendously. For VVA measurements with 
the HEO at 0 and 15° the ICC measurements increased from 0.895 to 0.959 and from 
0.707 to 0.973, respectively. ICC values for the IER measurements increased from 0.956 
to 0.973 and from 0.425 to 0.984 for HEO valgus angulations of 0° and 15°, respectively. 
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Figure 2-11: Reliability of the Varus-Valgus Angulation Measurements During 
Active Elbow Flexion. The reliability of the varus-valgus angulation measurements with 
the HEO at 0 degrees (A) and 15 degrees (B) is plotted against the flexion-extension 
angle for five trials. VVA measurements an ICC = 0.998 and ICC = 0.999 for 0 and 15 
degrees of valgus HEO angulation, respectively, for the five flexion motions. 
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Figure 2-12: Reliability of the Internal-External Rotation Measurements During 
Active Elbow Flexion. The reliability of the internal-external rotation measurements 
with the HEO at 0 degrees (A) and 15 degrees (B) is plotted against the flexion-extension 
angle for five trials. IER measurements had an ICC = 0.997 and ICC = 0.998, for the 
HEO at 0 and 15 degrees, respectively.  
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Figure 2-13: Reliability of the Varus-Valgus Angulation Measurements During 
Passive Elbow Flexion. The reliability of the varus-valgus angulation measurements 
with the HEO at 0 degrees (A) and 15 degrees (B) is plotted against the flexion-extension 
angle for five trials. VVA measurements with the HEO at 0 and 15 degrees had ICC 
values of 0.896 and 0.707, respectively. 
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Figure 2-14: Reliability of the Internal-External Rotation Measurements during 
Passive Elbow Flexion. The reliability of the internal-external rotation measurements 
with the HEO at 0 degrees (A) and 15 degrees (B) is plotted against the flexion-extension 
angle for five trials. IER measurements had ICC = 0.956 and ICC = 0.425, for the HEO 
at 0 and 15 degrees, respectively. 
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2.4.1 Discussion and Conclusions 
A modular HEO was successfully designed and developed to investigate the effects 
bracing on elbow stability. This is a clinically relevant issue, as HEOs are commonly 
employed for elbow instability without evidence for their effectiveness. The HEO design 
allowed for unrestricted flexion and extension, with adjustable valgus angulation. The 
kinematic results obtained confirmed the reliability of the VVA and IER measurements. 
During active motion, the reliability of the measurements was excellent. The single 
measures ICC values ranged from 0.997 to 0.999, indicating minimal variation between 
flexion trials. This confirms the reliability of the HEO at difference valgus angles during 
active motion. 
Passive motion proved to have less reliable kinematic results than active motion. The ICC 
values ranged from 0.425 to 0.956. Active motion and pronation have been shown to 
stabilize the LCL-injured elbow, whereas the elbow is much more unstable during 
passive motion (Alolabi et al., 2012; Dunning et al., 2001). This instability may have 
caused less reliable results than active motion. During passive motion, forces and 
moments applied by the investigator causes decreased reliability, as it is difficult to 
replicate the same trajectory during each trial, particularly when the elbow is unstable. 
These findings are in agreement with previous reports that demonstrated a marked 
reduction in scatter between trials with active motion, likely attributable to the muscle 
loading reducing the joint and applying more consistent forces across the elbow (Johnson 
et al., 2000). Without the HEO, it may be postulated that the reliability may have been 
even lower, since the HEO held the unstable arm tightly, restricting motion and 
minimizing the difference in the trials. Interestingly, removal of the first trial 
tremendously improved the reliability results. The ICC values for the last 4 trials, with 
the first trial excluded, ranged from 0.959 to 0.984, which indicates excellent reliability 
(Koo & Li, 2016). These results imply that during passive motion, perhaps the first trial 
should be excluded for the studies to be conducted herein.  
 
79 
A better understanding of the effects of bracing on elbow stability following LCL injury 
can help improve existing surgical and rehabilitation protocols. The following chapters 
employ in vitro biomechanical and kinematic experiments to investigate the effects of 
changing the valgus HEO angulation during various arm positions, forearm rotations, 
LCL repair tensions and muscle activations.  
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Chapter 3 
3 The Effects of Brace Valgus Angulation on the Stability 
of the LCL Injured Elbow: An In Vitro Study 
 
Overview 
An in vitro kinematic study was conducted to examine the effects of varying the valgus 
angulation of the custom designed hinged elbow orthosis (HEO) as described and 
initially tested in Chapter 2. Using an elbow motion simulator, the ulnohumeral 
kinematics were investigated during active and passive flexion with the forearm in both 
pronation and supination, with the arm in the vertical dependent and varus positions. As 
a metric of stability, varus-valgus angulation (VVA) and internal-external rotation (IER) 
were quantified using an electromagnetic tracking system.  
 
 
 
 
 
 
 
 
(Note: Some portions of the Introduction and Methods appear in Chapters 2 & 4, and 
have been repeated, in part, given that this thesis is presented in integrated article 
format.) 
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3.1 Introduction 
LCL injuries of the elbow most often occur as the result of a dislocation and may cause 
instability (Babhulkar, 2015; Osbourne & Cotterill, 1966; Reichel, Milam, Sitton, Curry, 
& Mehlhoff, 2013). Simple elbow dislocations, characterized by the absence of a 
fracture, tend to be managed non-operatively with a closed reduction (Clitherow, 
McGuire, & Bain, 2014; Josefsson, Gentz, Johnell, & Wendeberg, 1987; Szekeres, 
Chinchalkar, & King, 2008). Early mobilization is encouraged to promote healing, 
prevent elbow stiffness and co-ordinate with the phases of histological healing (Fusaro, 
Orsini, Szorza, Rotini, & Benedetti, 2014; Mehlhoff, Noble, Bennett, & Tullos, 1988; 
Szekeres et al., 2008; Wilk, Arrigo, & Andrews, 1993).  
Studies have found that active flexion and pronation better stabilize the LCL injured 
elbow compared to passive flexion and supination (Alolabi et al., 2012; Armstrong et al., 
2000; Dunning, Zarzour, Patterson, Johnson, & King, 2001; Fusaro et al., 2014; Szekeres 
et al., 2008). Passive flexion is usually introduced 6 weeks following injury to reduce the 
risk of swelling, pain inhibition and ectopic ossification (Cohen & Hastings II, 1998; 
Dunning et al., 2001; Szekeres et al., 2008). It has also been shown that rehabilitation 
exercises are safe with the arm in the vertical dependent and overhead positions, but the 
varus arm position should be avoided (Alolabi et al., 2012; Dunning et al., 2001; 
Manocha, 2016; Wolff & Hotchkiss, 2006). Following reduction, a hinged elbow orthosis 
(HEO) or brace, is often prescribed in an effort to stabilize the elbow and encourage early 
motion (Hunt, 2016; O’Driscoll, Jupiter, King, Hotchkiss, & Morrey, 2000).  
The Bledsoe Brace (Bledsoe Brace Systems, Grand Prairie, TX) and the Mayo Clinic 
Universal Elbow Brace (Aircast, Summit, NJ) as shown in Figures 1-15 and 1-16, are 
often recommended by surgeons following a simple elbow dislocation (Wolff & 
Hotchkiss, 2006). However, there is minimal research to support the efficacy of elbow 
HEOs following ligamentous injury. A study investigating the stabilizing effect of the 
Bledsoe Elbow Brace on the LCL-deficient elbow found that passive flexion in the 
vertical dependent position nearly doubled the ulnohumeral distraction compared with the 
intact elbow; however, the difference was not statistically significant (Lee et al., 2013). 
Another study using the Mayo Clinic Brace in the vertical dependent position, found that 
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the HEO did not significantly affect elbow stability during active flexion, and increased 
instability during passive flexion (Manocha, 2016).  One explanation for the lack of 
effectiveness of current HEO designs is that these devices feature a straight hinge, which 
does not consider the native carrying angle of the elbow (approximately 11-14° in men, 
and 13-16° in women) (Atkinson & Elftman, 1945; Morrey & Sanchez-Sotelo, 2009; 
Paraskevas et al., 2004; Terra et al., 2011; van Roy, Baeyens, Fauvart, Lanssiers, & 
Clarijs, 2005). 
The objective of this study was to examine the kinematic effects of a HEO with different 
valgus angles following simulated LCL injury of the elbow. A custom designed HEO (as 
described and evaluated in detail in Chapter 2) was utilized to modify the valgus 
angulation to five predetermined angles. Elbow flexion was actively and passively 
conducted with the arm in the vertical dependent and varus positions and with the 
forearm pronated and supinated. It was hypothesized that increasing the valgus 
angulation of the HEO would improve stability of the LCL compromised elbow, 
particularly in the varus arm position.  
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3.2 Materials and Methods 
3.2.1 Specimen Preparation 
Five fresh-frozen cadaveric specimens (mean age ± standard deviation: 69.6 ± 7.4) were 
stored at    -20℃ and thawed at room temperature (22 ± 2℃) for approximately 18 hours. 
Computer tomography scans of each specimen were examined to ensure that pre-existing 
pathologies such as arthritis were not present. The distal tendons of the biceps, brachialis, 
triceps, brachioradialis, pronator teres, wrist flexors (flexor carpi radialis and flexor carpi 
ulnaris) and wrist extensors (extensor carpi radialis longus and extensor carpi ulnaris) 
were sutured with braided fishing line (Bravefisherman, Shanghai, China). Guides were 
secured near the medial and lateral humeral epicondyles to maintain anatomical lines of 
action (Chapter 2, Figure 2-8). The pronator teres and wrist flexors were passed 
subcutaneously through the medial guide, while the wrist extensors and brachioradialis 
were fed through the lateral guides. A custom designed 8 mm stainless steel rod was 
fixed into the humeral medullary canal with bone cement (Stryker, Kalamazoo, MI, 
USA). This rod was then mounted onto a custom humeral clamp on the elbow simulator 
(Chapter 2, Figure 2-10). The biceps, brachialis and triceps sutures were connected to 
computer-controlled motors, while the remaining muscles were connected to actuators. A 
custom ulnar tracker mount was rigidly fixed with 3.5 mm cortical screws distally on the 
medial ulna. It was carefully placed to ensure that soft tissue impingement and HEO 
obstruction throughout the range of motion were not an issue. An electromagnetic tracker 
(Flock of Birds®, Ascension Technology Corporation, Burlington, VT, USA) was 
secured to the tracker mount. 
3.2.2 Testing Protocol 
Active flexion and extension was simulated using a custom designed LabVIEW program 
(National Instruments, Austin, TX, USA) to control the motors and actuators (Dunning, 
Zarzour, Patterson, Johnson, & King, 2001; Ferreira, 2011; Johnson et al., 2000; Kusins, 
Willing, King, & Ferreira, 2016).  Physiologic loads of the biceps, triceps and brachialis 
were generated by using the maximum voluntary contraction of each muscle based on in 
vivo electromyographic (EMG) values and reported cross section areas (Amis, Dowson, 
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& Wright, 1979; Funk, An, Morrey, & Daube, 1987). Wrist stabilization was achieved by 
a 10 N tone load on the wrist flexors and extensors. Pronation was achieved by a tone 
load of 40 – 60 N applied to the pronator teres. If supination was desired, the ratio of 
muscle loading was altered to increase the load of the biceps.  Passive flexion trials were 
conducted by the same investigator (SB) grasping the wrist, rotating the forearm into 
pronation or supination in full extension, and manually flexing the arm. The same 
forearm rotation was maintained throughout the duration of flexion and extension.  
3.2.2.1 Independent Variables 
Prior to testing, five active and five passive preconditioning flexion-extension motions 
were conducted on the intact elbow in pronation and supination. Two active and two 
passive elbow flexion and extension exercises were simulated during testing. Specimens 
were tested with the forearm pronated and supinated in both the vertical dependent and 
varus arm positions. LCL-injury was then simulated by sectioning both the LCL and 
common extensor origin (CEO) off the lateral epicondyle. All skin incisions were sutured 
during testing to keep the soft tissues moist. The testing protocol was repeated for the 
injured state. Then, the HEO was secured to the arm so that the hinge mechanism aligned 
with the elbow flexion-extension axis, determined by palpating the medial and lateral 
epicondyles. Once it was placed in a satisfactory location, the straps were tightly secured. 
The testing sequence was repeated with the HEO at 0°, 5°, 10°, 15° and 20° of valgus 
angulation.   
Two trials were conducted for each active and passive flexion motions. For active 
flexion, an average of the two trials was taken. For passive motion, only the second trial 
was used for data analysis. The rationale for this decision was detailed in Chapter 2 
(Section 2.3). Five active flexion trials resulted in sufficiently adequate intraclass 
correlation coefficients (ICCs) (ICC > 0.996). During passive flexion the ICC values 
were much lower (between 0.425 and 0.956). However, when the first trial was omitted, 
all ICC values were greater than 0.959, indicating that the second to fifth trials are much 
more similar. 
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3.2.3 Data Acquisition and Analysis 
The Flock of Birds® (Ascension Technology Corporation, Burlington, VT, USA) 
electromagnetic tracking system was utilized to quantify varus-valgus angulation (VVA) 
and internal-external rotation (IER) of the ulna relative to the humerus (Chapter 1, Figure 
1-19).  A transmitter, rigidly fixed to the base of the simulator recorded the location of 
the ulnar receiver throughout testing. Following testing, the wrist and elbow joints were 
disarticulated for digitization. A stylus was used to digitize the center of the humeral 
shaft, the center of the trochlear groove and the center of curvature of the capitellum to 
create the humeral coordinate system (Figure 3-1). For the ulnar coordinate system, the 
center and plane of the greater sigmoid notch as well as the tip of the ulnar styloid were 
digitized. Using the Euler Z-Y-X sequence, the relative motion of the ulna with respect to 
the humerus was determined. Using a custom LabVIEW program, VVA and IER 
measurements at each flexion and extension angle were calculated (Ferreira, 2011; 
Kusins, 2015; Manocha, 2016). For simplicity, only flexion data will be presented. 
3.2.4 Statistical Analysis 
The VVA and IER variables were individually analyzed using SPSS 25.0 statistics 
software (SPSS Inc, Chicago, IL, USA). Analyses were also completed for the vertical 
dependent and varus positions separately. A two-way repeated measures of variance 
(ANOVA) was performed to compare the effects of flexion angle and the HEO, LCL 
injured and intact states. If significance was found, post hoc tests were conducted to 
compare HEO angles, LCL injured and intact states to each other. Pairwise comparisons 
were employed using Bonferroni adjustments. Statistical significance was considered at p 
< 0.05.  
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Figure 3-1: Humeral and Ulnar Coordinate Systems. A field transmitter (Tr) is rigidly 
fixed to the base of the simulator and the humeral shaft, trochlear groove and center of 
curvature of the capitellum are digitized to determine the humeral coordinate system 
relative to the transmitter. An ulnar tracker (Rc), fixed to the ulna (U), is used. 
Digitization of the greater sigmoid notch and ulnar styloid was conducted to derive the 
ulnar coordinate system. The origin of the coordinate systems are located at the center of 
joint rotation, with the X-axis pointing proximally, the Y-axis posteriorly, and the Z-axis 
medially. The distal humerus and proximal ulna of a left arm are shown (Ferreira, 2011). 
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3.3   Results1 
3.3.1 Varus-Valgus Angulation (VVA) during Flexion Motion 
3.3.1.1 Varus-Valgus Angulation (VVA) in the Vertical Dependent 
Position 
During active flexion in the vertical dependent position and forearm pronated, there was 
no significant effect of LCL sectioning or HEO application (intact and LCL injured 
states, with and without a HEO) (p = 0.24) (Figure 3-2 and Table 3-1). The differences 
between each LCL injured state to the intact state ranged from 0.29° to 0.48°.  
During passive flexion with the forearm pronated, there was no significant effect of LCL 
sectioning or HEO application (p = 0.30). The angular differences between the intact and 
LCL injured states were between 0.06° and 2.36°.  
Active flexion with the forearm supinated had no significant effect of LCL sectioning or 
HEO application (p = 0.17). The differences between means of the intact to injured states 
was between 0.29° and 0.87°.  
During passive flexion with the forearm supinated, there was no significant effect of LCL 
sectioning or HEO application (p = 0.12). The differences between the intact and LCL 
injured states ranged from 0.86° to 4.48°.  
As documented in Appendix C, Table C-1, during active flexion with the forearm 
pronated, higher angles of elbow flexion significantly increased instability (p < 0.05). 
During passive flexion with the forearm pronated, there was no significant effect of 
flexion angle (p > 0.05). Similarly, there was no significant effect of flexion angle with 
the forearm supinated during active (p > 0.05) or passive flexion (p > 0.05). 
 
 
__________________ 
1For simplicity, all pairwise comparisons that depicted significance are summarized in Appendix C. 
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Figure 3-2: Mean Varus-Valgus Angulation during Elbow Flexion in the Vertical 
Dependent Arm Position. The graph illustrates the varus-valgus angulation profiles 
((+) valgus and (-) varus)) during active pronation (A) and supination (B), as well as 
passive pronation (C) and supination (D). Intact and injured states are shown with and 
without a HEO at various valgus angulations. Standard deviations were omitted for 
clarity but range as follows: active pronation (2.42 - 2.65), active supination (2.40 - 
2.74), passive pronation (2.47 - 3.66) and passive supination (3.00 - 4.51). 
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Table 3-1: Effect of HEO Angulation, Forearm Rotation and Muscle Activation on 
Varus-Valgus Angulation during Flexion in the Vertical Dependent Arm Position 
Forearm 
Rotation 
Muscle 
Activation 
 Mean ± SD 
Varus-Valgus 
Angle (°) 
 
Difference 
(°) 
 
p 
 
 
 
 
 
 
Pronation 
 
 
 
Active 
Intact 5.58 ± 2.42 -  
 
 
0.24 
 
 
LCL 
Injury 
No HEO 5.29 ± 2.51 0.29 
HEO 0° 5.10 ± 2.47 0.48 
HEO 5° 5.11 ± 2.48 0.47 
HEO 10° 5.17 ± 2.56 0.41 
HEO 15° 5.16 ± 2.65 0.42 
HEO 20° 5.26 ± 2.62 0.32 
 
 
 
Passive 
Intact 6.51 ± 2.52 -  
 
 
0.30 
 
 
LCL 
Injury 
No HEO 5.55 ± 2.47 0.96 
HEO 0° 4.15 ± 3.66 2.36 
HEO 5° 5.27 ± 2.98 1.24 
HEO 10° 5.27 ± 3.43 1.24 
HEO 15° 6.44 ± 2.94 0.07 
HEO 20° 6.45 ± 3.72 0.06 
 
 
 
 
 
 
Supination 
 
 
 
Active 
Intact 6.22 ± 2.40 -  
 
 
0.17 
 
 
LCL 
Injury 
No HEO 5.93 ± 2.55 0.29 
HEO 0° 5.38 ± 2.70 0.84 
HEO 5° 5.35 ± 2.67 0.87 
HEO 10° 5.59 ± 2.70 0.63 
HEO 15° 5.65 ± 2.74 0.57 
HEO 20° 5.78 ± 2.67 0.44 
 
 
 
Passive 
Intact 5.05 ± 2.37 -  
 
 
0.12 
 
 
 
LCL 
Injury 
No HEO 0.57 ± 4.51 4.48 
HEO 0° 1.08 ± 4.50 3.97 
HEO 5° 1.72 ± 3.00 3.33 
HEO 10° 3.40 ± 3.28 1.65 
HEO 15° 2.93 ± 3.40 2.12 
HEO 20° 4.19 ± 3.11 0.86 
Positive means indicate valgus angulation and negative values indicate varus angulation. 
“Difference” describes the difference in varus-valgus angulation angle between the 
intact and ligament injured state. p-values describe the significance of the ligament states 
resulting from a two-way analysis of variance (ANOVA) with ligament state and flexion 
angle. The asterisk (*) indicated significance (p < 0.05). Abbreviations: SD – standard 
deviation; HEO – hinged elbow orthosis and LCL - lateral collateral ligament. 
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3.3.1.2 Varus-Valgus Angulation (VVA) in the Varus Position 
In the varus position, during active flexion with the forearm in pronation there was a 
significant effect of LCL sectioning and HEO application (p = 0.01) (Figure 3-3 and 
Table 3-2). Without the HEO, the mean VVA difference increased 6.62° after LCL 
sectioning (p = 0.00). Application of the HEO did not improve the stability of the LCL 
deficient elbow for any HEO angulation; the elbows remained unstable compared to the 
intact state (HEO 0°; p = 0.03; HEO 5°, p = 0.01). However, there was a decreasing trend 
in the VVA difference between the intact and injured state as the valgus HEO angle 
increased (from 6.07° to 2.81°). At HEO angles of 10° and greater there was no 
significant difference between the LCL deficient elbow and the intact state (HEO 10°, p = 
0.09; HEO 15°, p = 0.06, HEO 20°, p = 0.07).  
With the forearm supinated during active flexion, LCL sectioning and HEO application 
were found to significantly increase instability (p = 0.00), therefore post-hoc tests were 
performed. LCL injured states without the HEO and up to an HEO valgus angulation of 
15° significantly reduced stability compared to the intact state (p values from 0.00 to 
0.03). Increasing the angle of the HEO trended towards reducing instability, and was not 
significantly worse than the intact elbow at 20° of HEO angulation (p = 0.09).  
There was no effect of flexion angle during passive elbow flexion with the forearm in 
pronation (p = 0.08) or supination (p = 0.10). 
During active flexion in pronation and supination, instability was greatest in the mid 
flexion range, p < 0.05 and p< 0.04, respectively (Appendix C, Table C-2). 
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Figure 3-3: Mean Varus-Valgus Angulation during Elbow Flexion in the Varus Arm 
Position. The graph illustrates the varus-valgus angulation profiles ((+) valgus and (-) 
varus)) during active pronation (A) and supination (B), as well as passive pronation (C) 
and supination (D). Intact and injured states are shown with and without a HEO at 
various valgus angulations. Standard deviations were omitted for clarity (active 
pronation: ±2.83 to ±4.97, active supination: ±2.78 to ±4.53, passive pronation: ±2.67 to 
±5.27, passive supination: ±2.56 to ±5.89). 
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Table 3-2: Effect of HEO Angulation, Forearm Rotation and Muscle Activation on 
Varus-Valgus Angulation during Flexion in the Varus Arm Position 
Forearm 
Rotation 
Muscle 
Activation 
 Mean ± SD 
Varus-Valgus 
Angle (°) 
 
Difference 
(°) 
 
p 
 
 
 
 
 
 
Pronation 
 
 
 
Active 
Intact  2.02 ± 3.07 - - 
 
 
LCL 
Injury 
No HEO -4.60 ± 2.83 6.62 0.00* 
HEO 0° -4.05 ± 3.99 6.07 0.00* 
HEO 5° -3.91 ± 3.89 5.93 0.00* 
HEO 10° -3.39 ± 4.87 5.41 0.09 
HEO 15° -2.79 ± 4.43 4.81 0.06 
HEO 20° -2.67 ± 4.97 4.69 0.07 
 
 
 
Passive 
Intact  3.62 ± 2.67 -  
 
 
0.08 
 
 
LCL 
Injury 
No HEO  0.17 ± 3.78 3.45 
HEO 0°  3.78 ± 2.94 0.16 
HEO 5°  3.93 ± 5.27 0.31 
HEO 10°  3.76 ± 3.24 0.14 
HEO 15°  4.78 ± 3.20 1.16 
HEO 20°  5.11 ± 3.17 1.49 
 
 
 
 
 
 
Supination 
 
 
 
Active 
Intact  2.64 ± 2.78 - - 
 
 
LCL 
Injury 
No HEO -3.66 ± 3.93 6.30 0.02* 
HEO 0° -3.92 ± 3.07 6.56 0.01* 
HEO 5° -3.76 ± 3.16 6.40 0.00* 
HEO 10° -3.04 ± 4.17 5.68 0.03* 
HEO 15° -2.69 ± 4.00 5.33 0.02* 
HEO 20° -2.36 ± 4.53 5.00 0.09 
 
 
 
Passive 
Intact  3.43 ± 2.56 -  
 
 
0.10 
 
 
LCL 
Injury 
No HEO  2.61 ± 3.75 0.82 
HEO 0°  1.67 ± 5.81 1.76 
HEO 5°  0.80 ± 4.88 2.63 
HEO 10°  1.70 ± 5.89 1.73 
HEO 15°  2.77 ± 3.55 0.66 
HEO 20°  3.95 ± 4.15 0.52 
Positive means indicate valgus angulation and negative values indicate varus angulation. 
“Difference” describes the difference in varus-valgus angulation angle between the 
intact and ligament injured state. p-values describe the significance of the ligament states 
resulting from a two-way analysis of variance (ANOVA) with ligament state and flexion 
angle. The asterisk (*) indicated significance (p < 0.05). Abbreviations: SD – standard 
deviation; HEO – hinged elbow orthosis and LCL - lateral collateral ligament. 
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3.3.2 Internal-External Rotation during Flexion Motion 
3.3.2.1 Internal-External Rotation (IER) in the Vertical Dependent 
Position 
In the vertical dependent position, there were no significant differences in IER found 
after LCL sectioning or HEO application during active pronation (p = 0.13) and 
supination (p = 0.24) as well as passive pronation (p = 0.22) and supination (p = 0.18) 
(Figure 33-4 and Table 3-3).  
During active flexion with the forearm pronated, there was a small but significant effect 
of flexion angle on elbow stability at low angles of flexion (p < 0.05) (Appendix C, Table 
C-3). There was no significant effect of flexion angle during active flexion with the 
forearm in supination (p > 0.05). There was no significant effect of flexion angle on 
stability during passive flexion with the forearm in pronation (p > 0.05) or supination (p 
> 0.05).  
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Figure 33-4: Mean Internal-External Rotation during Elbow Flexion in the Vertical 
Dependent Arm Position. The graph illustrates the internal-external rotation profiles 
((+) external and (-) internal)) during active pronation (A) and supination (B), as well as 
passive pronation (C) and supination (D). Intact and injured states are shown with and 
without a HEO at various valgus angulations. Standard deviations were omitted for 
clarity but range as follows: active pronation (5.45 – 6.26), active supination (5.43 – 
6.74), passive pronation (5.19 – 7.05) and passive supination (4.34 – 6.26). 
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Table 3-3: Effect of HEO Angulation, Forearm Rotation and Muscle Activation on 
Internal-External Rotation during Flexion in the Vertical Dependent Arm Position 
Forearm 
Rotation 
Muscle 
Activation 
 Mean ± SD 
Internal-External 
Rotation (°) 
 
Difference 
(°) 
 
p 
 
 
 
 
 
 
Pronation 
 
 
 
Active 
Intact -1.16 ± 5.46 -  
 
 
0.13 
 
 
LCL 
Injury 
No HEO -1.16 ± 5.99 0.00 
HEO 0° -0.93 ± 6.24 0.23 
HEO 5° -1.34 ± 5.65 0.18 
HEO 10° -1.25 ± 5.97 0.09 
HEO 15° -1.08 ± 6.26 0.08 
HEO 20° -1.51 ± 5.45 0.35 
 
 
 
Passive 
Intact -1.47 ± 5.19 -  
 
 
0.22 
 
 
LCL 
Injury 
No HEO  0.00 ± 5.80 1.47 
HEO 0°  1.67 ± 6.54 0.20 
HEO 5°  0.27 ± 5.66 1.20 
HEO 10°  0.94 ± 6.51 0.53 
HEO 15° -0.50 ± 6.09 0.97 
HEO 20°  0.92 ± 7.05 0.55 
 
 
 
 
 
Supination 
 
 
 
Active 
Intact -1.37 ± 5.43 -  
 
 
0.24 
 
 
LCL 
Injury 
No HEO -0.72 ± 6.73 0.65 
HEO 0° -0.87 ± 6.75 0.50 
HEO 5° -0.76 ± 6.73 0.61 
HEO 10° -1.00 ± 6.57 0.37 
HEO 15° -1.18 ± 6.53 0.19 
HEO 20° -1.28 ± 6.48 0.09 
 
 
 
Passive 
Intact  0.59 ± 5.30 -  
 
 
0.18 
 
 
LCL 
Injury 
No HEO  5.10 ± 4.39 4.51 
HEO 0°  4.20 ± 6.26 3.61 
HEO 5°  5.21 ± 4.34 4.62 
HEO 10°  4.24 ± 5.82 3.65 
HEO 15°  3.19 ± 5.49 2.60 
HEO 20°  3.40 ± 4.41 2.81 
Positive means indicate external rotation and negative values indicate internal rotation. 
“Difference” describes the difference in internal-external rotation angle between the 
intact and ligament injured state. p-values describe the significance of the ligament states 
resulting from a two-way analysis of variance (ANOVA) with ligament state and flexion 
angle. The asterisk (*) indicated significance (p < 0.05). Abbreviations: SD – standard 
deviation; HEO – hinged elbow orthosis and LCL - lateral collateral ligament. 
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3.3.2.1 Internal-External Rotation (IER) in the Varus Position 
In the varus position, elbow stability was significantly worse following LCL injury and 
HEO application during active flexion with the forearm in both pronation (p = 0.00) and 
supination p = 0.00) (Figure 3-5 and Table 3-4). Post-hoc test revealed that the injured 
state with the HEO at 5° worsened stability in pronation (p = 0.03) and supination (p = 
0.04). The injured state with the HEO removed was also significantly worse with the 
forearm supinated (p = 0.01).  
During passive flexion with the forearm supinated, there was no significant effect of the 
LCL injury and HEO application (p = 0.17). The differences between means of the intact 
to injured states was 2.95° without the HEO, and was less than 1° for all HEO angles 
(difference ranging between 0.14° and 0.75°). Similarly, no significance of ligament state 
was found during passive flexion and forearm supinated (p = 0.17). The differences 
between the intact and LCL injured states ranged from 0.08° (HEO 20°) to 2.85° (HEO 
0°).  
With respect to active pronation and supination there was greater instability in the mid 
flexion range (approximately 80° to 100° of flexion) (p < 0.04) (Appendix C, Table C-4). 
Additionally, there was no significant effect of flexion angle on elbow stability during 
passive flexion with the forearm in pronation or supination (p > 0.05).  
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Figure 3-5: Mean Internal-External Rotation during Elbow Flexion in the Varus 
Position. The graph illustrates the internal-external rotation profiles ((+) external and (-
) internal)) during active pronation (A) and supination (B), as well as passive pronation 
(C) and supination (D). Intact and injured states are shown with and without a HEO at 
various valgus angulations. Standard deviations were omitted for clarity but range as 
follows: active pronation (5.63 – 6.27), active supination (5.59 – 6.33), passive pronation 
(5.66 – 6.98) and passive supination (5.55 – 7.37). 
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Table 3-4: Effect of HEO Angulation, Forearm Rotation and Muscle Activation on 
Internal-External Rotation during Flexion in the Varus Arm Position 
Forearm 
Rotation 
Muscle 
Activation 
 Mean ± SD 
Internal-External 
Rotation (°) 
 
Difference
(°) 
 
p 
 
 
 
 
 
 
Pronation 
 
 
 
Active 
Intact 0.81 ± 5.63 - - 
 
 
LCL 
Injury 
No HEO 6.17 ± 5.64 5.36 0.09 
HEO 0° 5.84 ± 6.08 5.03 0.05 
HEO 5° 5.96 ± 5.78 5.15 0.03* 
HEO 10° 5.45 ± 6.27 4.64 0.08 
HEO 15° 4.94 ± 6.10 4.13 0.06 
HEO 20° 4.73 ± 6.02 3.92 0.19 
 
 
 
Passive 
Intact 0.25 ± 5.66 -  
 
 
0.10 
 
 
LCL 
Injury 
No HEO 3.20 ± 6.55 2.95 
HEO 0° 0.93 ± 6.03 0.68 
HEO 5° 0.39 ± 6.98 0.14 
HEO 10° 0.47 ± 6.43 0.22 
HEO 15° -0.50 ± 6.42 0.75 
HEO 20° -0.72 ± 6.13 0.47 
 
 
 
 
 
 
Supination 
 
 
 
Active 
Intact 0.27 ± 5.63 - - 
 
 
LCL 
Injury 
No HEO 4.94 ± 5.59 4.67 0.01* 
HEO 0° 5.63 ± 5.80 5.36 0.06 
HEO 5° 5.74 ± 5.72 5.47 0.04* 
HEO 10° 4.94 ± 5.92 4.67 0.09 
HEO 15° 4.63 ± 6.02 4.36 0.07 
HEO 20° 4.46 ± 6.33 4.19 0.00 
 
 
 
Passive 
Intact 0.87 ± 5.64 -  
 
 
0.17 
 
 
LCL 
Injury 
No HEO 2.08 ± 5.55 1.21 
HEO 0° 2.93 ± 6.90 2.06 
HEO 5° 3.72 ± 7.37 2.85 
HEO 10° 2.62 ± 7.07 1.75 
HEO 15° 1.82 ± 6.23 0.95 
HEO 20° 0.79 ± 6.31 0.08 
Positive means indicate external rotation and negative values indicate internal rotation. 
“Difference” describes the difference in internal-external rotation angle between the 
intact and ligament injured state. p-values describe the significance of the ligament states 
resulting from a two-way analysis of variance (ANOVA) with ligament state and flexion 
angle. The asterisk (*) indicated significance (p < 0.05). Abbreviations: SD – standard 
deviation; HEO – hinged elbow orthosis and LCL - lateral collateral ligament 
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3.4   Discussion 
LCL injures, commonly resulting from elbow dislocations, are often treated with a hinged 
elbow orthosis (HEO) (de Haan et al., 2011; Fusaro et al., 2014; Reichel et al., 2013). A 
greater understanding of the kinematic implications of bracing is required to better 
diagnose and treat cases of LCL instability. Elbow kinematics have been previously 
reported during simulated in vitro LCL injury (Alolabi et al., 2012; Dunning et al., 2001; 
Lee et al., 2013; Manocha, 2016; Olsen, Michael, Søjbjerg, Helmig, & Sneppen, 1966). 
However, there has been minimal exploration into the effect of bracing (Lee et al., 2013; 
Manocha, 2016). This in vitro study investigated the effects of varying the valgus 
angulation of a custom designed HEO during simulated LCL injury. Active and passive 
flexion-extension motions were conducted in the vertical dependent and varus arm 
positions, during pronation and supination. The varus-valgus angulation (VVA) and 
internal-external rotation (IER) of the ulna relative to the humerus were reported 
throughout the range of motion.  
In agreement with other studies, active flexion in the vertical dependent position with the 
forearm in pronation, with or without the HEO, is safe following LCL injury (Manocha, 
2016). The VVA and IER means were within 0.5° after LCL sectioning with or without 
HEO application compared to the intact state. This suggests that the HEO does not 
increase instability in the vertical dependent position and may be used to hold the forearm 
in pronation, or restrict range of motion if needed.  
Contrary to other studies, during active flexion with the forearm in supination and the 
arm oriented in the vertical dependent position there was no effect of LCL sectioning on 
elbow stability (Dunning et al., 2001; Manocha, 2016). One reason for this may be that 
prior studies may have sectioned more secondary stabilizers than the current study, which 
only cut the LCL, common extensor origin and the lateral half of the anterior capsule.  
During active flexion with the forearm supinated in the dependent position, application of 
the orthosis did not significantly worsen stability. It was hypothesized that the weight of 
the HEO (approximately 1 kg) may have added an additional downward force of about 10 
N, however in this position, it did not impact stability with active elbow flexion and the 
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forearm in supination. The medial-lateral support provided by the HEO may have 
negated the added downward force.  
With regard to passive flexion in the vertical dependent position and the forearm in 
pronation, LCL sectioning and the HEO did not significantly impact stability. Passive 
flexion is usually avoided until approximately 6 weeks following injury (Alolabi et al., 
2012; Dunning et al., 2001; Fraser et al., 2008), however the kinematic results would 
likely vary based on the moments and forces applied to the arm. For this study, passive 
flexion was performed by the same operator (SB), likely more consistent than those 
produced by different investigators.  
There was no significant effect of LCL injury and HEO application during passive 
flexion with the forearm supinated in the vertical dependent position. However, stability 
was significantly worse in the mid flexion range (between 80° and 120°) with the HEO 
removed, with respect to the IER. This is in agreement with other studies that passive 
supination should be avoided (Alolabi et al., 2012; Dunning et al., 2001; Lee et al., 2013; 
Manocha, 2016). The orthosis at 5° of angulation also significantly worsened stability 
between 80° and 90° of flexion, however interestingly, there was no significant impact on 
stability with the HEO at 0°, 10°, 15° and 20°, suggesting that these angles may be 
sufficient to stabilize the elbow in this position. Orthosis angles of 15° and 20° had 
means that were closest to the intact state, which perhaps suggests that these angles 
restored stability the most. The mean carrying angle for the specimens tested was 
approximately 8.2° suggesting that an overcorrection of the HEO may protect the lateral 
structures and allow the elbow to maintain stability. The data supports this postulation, as 
there is an overcorrection during full extension, which causes less variation as the elbow 
is flexed. This could have important clinical implications on rehabilitation and bracing 
protocols.   
LCL injury and HEO application worsened stability in the varus position up to 15° of 
orthosis angulation during simulated active flexion with the forearm pronated and 
supinated. Manocha (2016) reported similar findings for the injured state and with a HEO 
at 0° of angulation. During full extension, the arm is the most stable but stability 
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drastically decreases during flexion, with the most instability apparent between 
approximately 70° and 100°. This effect may be attributed to varying gravitational 
moments and the stabilizing effects of the interlocking articulations in full extension and 
flexion. The anatomical lines of action of the muscles compress the joint in full extension 
also, improving stability. As the elbow is flexed, the compressive effect of the muscles 
stabilizing the joint articulation decreases and the weight of the forearm and HEO 
increases the gravitational moment and contributes to increased instability. Interestingly, 
no significant differences were found at any flexion angles with the orthosis at 20° of 
valgus angulation. This may indicate that rehabilitative exercises could be safely 
performed with the HEO at 20° of valgus angulation. 
Passive elbow flexion with the forearm in both pronation and supination and the elbow 
oriented in the varus position did not significantly impact stability following LCL injury 
and HEO application. With respect to pronation, introduction of the HEO improved 
stability compared the injured state without the HEO. The brace at 0° most closely 
followed the trend of the intact state. In supination, the brace at 20° came closest to 
restoring initial kinematics. However, it is difficult to draw solid conclusions from 
passive data, as it varies by investigator. By grasping the specimen under the wrist to 
achieve passive flexion, the arm was held up to some extent to allow full motion and 
prevent the arm from dropping. In doing so, part of weight of the arm and HEO was 
absorbed by the investigator, reducing the load through the LCL. If passive flexion is to 
be performed, it should only be done so by a trained professional during the rehabilitation 
of elbow LCL injuries.  
With the forearm in both pronation and supination, in the vertical dependent and varus 
positions, the 20° HEO angles tended to improve stability, as no significant differences 
were found at any flexion angles, however further specimens should be tested to confirm 
these trends. As previously mentioned, the mean carrying angle was approximately 8.2°, 
suggesting that a valgus overcorrection may help improve elbow stability. Active flexion 
with the forearm in pronation in the vertical dependent position restored stability better 
than in supination, however neither differences were significant. Other in vitro studies 
have also concluded that pronation better stabilizes the LCL- deficient elbow, therefore 
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the HEO may be useful at maintaining pronation in this position (Armstrong et al., 2000; 
Dunning et al., 2001; Manocha, 2016).  
For this study, the first passive trial was omitted and only the data obtained from the 
second trial was used for analysis. As discussed in Chapter 2 (Section 2.3), the reliability 
during passive flexion trials was much greater with the first trial removed. This indicated 
that the second to fourth trials were more similar to each other than to the first trial and 
validates the decision to exclude the first trial.  
The study presented in this chapter has several strengths. No other studies have analyzed 
the effect of adjusting the carrying angle of a HEO on stability. These observations have 
important implications for rehabilitation protocols. This study shows that an 
overcorrection using a more valgus HEO angle may be useful to improve stability of the 
LCL deficient elbow. Our data also shows that in the setting of LCL insufficiency, 
greater angles of flexion should be avoided as this increased instability. Only two other 
studies (Lee et al., 2013; Manocha, 2016) have investigated the efficacy of HEOs on the 
LCL injured elbow, however both used HEOs with no valgus angulation. This was also 
the second study to investigate active flexion with a HEO in the vertical dependent and 
varus positions, and similar results were found (Manocha, 2016).  
Both VVA and IER were analyzed in this study. When analyzing IER data in the varus 
position during active flexion, there was no significant difference in stability found with 
the HEO removed when the forearm was pronated. However, analysis of the VVA data 
suggests that stability was significantly worsened during active flexion with the arm in 
pronation and the elbow in the vertical dependent position. This highlights the 
importance of considering multiple parameters to quantify elbow stability. The only other 
active flexion study investigating the effectiveness of HEOs only reported IER to 
quantify stability; our data suggests that VVA should also be considered for future 
investigations (Manocha, 2016). 
Another strength of this study is that a custom designed HEO was used. The kinematic 
measurements obtained with the HEO were evaluated to ensure reliability (Chapter 2, 
Section 2.3). During simulated active flexion, tone loads on the brachioradialis, pronator 
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teres (during pronation only) and wrist flexors and extensors were employed to mimic the 
in vivo state. It is important to include these loads, since the brachioradialis contributes to 
elbow flexion, and the wrist flexors and extensors contribute to elbow stability (King, 
Morrey, & An, 1993). All skin incisions were sutured for the duration of the testing day 
to maintain viscoelastic behavior of the soft tissues. Highly accurate electromagnetic 
tracking was utilized for real-time joint angle feedback and allowed accurate kinematic 
markers of stability to be calculated. Lastly, vertical dependent and varus arm positions 
were selected, as they are among the positions where patients spend the most time during 
activities of daily living (Morrey, Askew, An, & Chao, 1981). 
This study is not without limitations. A preliminary power analysis using 2 degrees as the 
desired detectable range for significance, indicated that 4 specimens would be sufficient 
to detect kinematic elbow instability. Regardless, our sample size was perhaps relatively 
small, although statistical power was not insufficient. However, we were unable to 
demonstrate that the custom designed HEO with a greater valgus angulation significantly 
reduced elbow instability after LCL injuries as we had expected. Certainly with the arm 
in the varus orientation the brace had little effect and this position should continue to be 
avoided by patients after LCL injuries. The overall observed statistical power for a 
comparison of LCL injured states and flexion angle was 0.991 and 0.987 for VVA and 
IER, respectively, indicating that enough specimens were tested for the comparisons 
reported. In order to analyze other variables such as muscle activation or forearm 
rotation, more specimens are required, however, for this study, the power is sufficient. 
Another limitation of this study is that the straps of the HEO were tightly secured to arm, 
perhaps representing a tighter than average tension used clinically. However, it was 
necessary to ensure consistency of the hinge axis placement and ensure that the HEO did 
not slide down the arm. Furthermore, the lack of muscle contraction and proprioceptive 
feedback from the use of a brace may affect the performance of a HEO when used 
clinically. Due to the nature of cadaveric studies, the specimens were elderly and likely 
had decreased muscle mass relative to a younger population, which may have effected 
stability. However, in a qualitative sense, unacceptable laxity between the HEO and arm 
was not noted. This study was conducted on male specimens only. It would be interesting 
to correlate these findings among women, as the large weight of the larger male arms 
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(mean arm weight: 14.7 ± 3.0 lbs) would have increased the downward force and may 
have affected these findings by increasing ulnohumeral distraction. Also, the difference 
in carrying angle between males and females may be a factor, although perhaps not 
markedly. Finally, no simulated object lifting was performed, although lifting with the 
arm is not recommended after ligament injuries in patients while in the rehabilitation 
phase.  
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3.5  Conclusion 
The current study supports the hypothesis that increasing the valgus angulation of the 
HEO increases stability for the activities assessed herein, however further studies are 
required to confirm the hypotheses. To our knowledge, this is the first study investigating 
the effect of varying the valgus angulation of a HEO following LCL injury. The degree of 
flexion proved to have an effect on stability, with the most instability occurring around 
80° to 100° of flexion. In the vertical dependent position, active flexion with the forearm 
in both pronation and supination was deemed safe for rehabilitation with and without the 
use of an orthosis. Passive flexion with the forearm in pronation also did not cause 
significant instability. In this position, passive flexion with the forearm in supination 
improved stability at a 20° HEO angle. Active flexion in the varus position caused 
instability after LCL sectioning up to 15° of HEO angle, however there was a trend 
towards improved stability as the HEO angle increased and no significant differences 
were detected with the orthosis angled at 20°. During passive flexion, no significant 
changes in stability were found, irrespective of HEO angle, however further studies are 
required. Generally, 20° was the optimal valgus angle for all injured states investigated. 
Further clinical studies are needed to increase our understanding of the importance of the 
HEO angle on patient outcomes. 
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Chapter 4 
4 The Effects of Brace Valgus Angulation on LCL Loads 
following Simulated LCL Repair: An In Vitro Study 
Overview 
An in vitro biomechanical study was conducted to examine the effects of varying the 
valgus angulation of a custom hinged elbow orthosis (HEO), as described in Chapter 2, 
on LCL tension. Lateral collateral ligament (LCL) repair tension was quantified using a 
load cell and custom clamping system. Simulated active and passive motion was 
conducted with the forearm pronated and supinated, in the vertical dependent and varus 
positions. LCL load throughout the range of motions tested was quantified. 
 
 
 
 
 
 
 
 
 
 
(Note: Some portions of the Introduction and Methods appear in Chapters 2 & 3, and 
have been repeated, in part in this chapter, given that this thesis is presented in 
integrated article format.) 
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4.1     Introduction 
The elbow is the second most commonly dislocated joint among adults, commonly 
disrupting the lateral collateral ligament (LCL) (Babhulkar, 2015; Kuhn & Ross, 2008; 
Osbourne & Cotterill, 1966; Reichel, Milam, Sitton, Curry, & Mehlhoff, 2013). While 
elbow dislocations and LCL injuries are commonly managed non-operatively with a 
closed reduction, surgical repair may be recommended in cases of recurrent dislocation or 
persistent instability (Charalambous & Stanley, 2008; Clitherow, McGuire, & Bain, 
2014; Josefsson, Gentz, Johnell, & Wendeberg, 1987; Mica, Caekebeke, & Riet, 2016; 
Sheps, Hildebrand, & Boorman, 2004; Szekeres, Chinchalkar, & King, 2008). One study 
found that following a simple elbow dislocation, there was no significant difference 
between operative and non-operative treatment (Josefsson et al., 1987). However, a long 
term flow-up study found that 60% of patients treated non-operatively reported 
symptoms such as decreased range of motion and residual pain (Mehlhoff, Noble, 
Bennett, & Tullos, 1988).  
It has been shown that following an elbow dislocation, rehabilitation is safe during active 
motion in vertical dependent or overhead arm positions, whereas the passive motion and 
the varus position are usually avoided (Alolabi et al., 2012; A. D. Armstrong et al., 2000; 
Dunning, Zarzour, Patterson, Johnson, & King, 2001; Fusaro, Orsini, Szorza, Rotini, & 
Benedetti, 2014; Szekeres et al., 2008). It has also been shown that pronation better 
stabilizes the LCL deficient elbow compared to supination (Dunning et al., 2001).  
Following a dislocation, the LCL may be repaired of reconstructed depending on the 
quality of the remaining ligament (Bernard F. Morrey & Sanchez-Sotelo, 2009; Sheps et 
al., 2004; Smith, Savoie, & Field, 2001). Although elbow dislocations disrupt both the 
lateral collateral ligament (LCL) and medial collateral ligament (MCL), injury to the 
lateral side is often worse because the common extensor origin (CEO) is usually 
disrupted, whereas the common flexor origin remains intact (Alolabi et al., 2012; A. 
Armstrong, 2016; Bell, 2008; Josefsson, Johnell, & Gentz, 1984; McKee, Schemitsch, 
Sala, & O’Driscoll, 2003; O’Driscoll, Morrey, Korinek, & An, 1992). Thus, an LCL 
repair or reconstruction is usually sufficient to achieve stability (Heo et al., 2015). In 
acute cases, where an LCL repair is appropriate, it is often completed using a humeral 
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bone tunnel or suture anchor (Wiesel, 2015). Fraser et al., (2008) investigated 20, 40 and 
60 N LCL repair tensions and found that 20 N or less was sufficient to restore stability.  
If elbow instability persists following a closed reduction of a dislocation or after surgical 
repair of the LCL, a hinged elbow orthosis (HEO) such as the Bledsoe Brace (Bledsoe 
Brace Systems, Grand Prairie, TX) and the Mayo Clinic Universal Elbow Brace (Aircast, 
Summit, NJ) (Chapter 1, Figures 1-15 and 1-16) may be recommended (Sheps et al., 
2004; Wolff & Hotchkiss, 2006). However, to our knowledge, there is no research to 
validate the efficacy of HEOs following LCL injury or repair, particularly with regard to 
protection of loads in the ligament LCL. Additionally, current HEOs are designed with a 
straight hinge that does not account for the native carrying angle of the arm; the effect of 
a more anatomically designed HEO on LCL loading has not been investigated.  
The patterns of elbow ligament tensions across the range of motion may provide vital 
insight that could be used to optimize treatment and rehabilitation protocols. In vitro 
ligament loads have been examined for the MCL using a buckle transducer (Fay, Lalone, 
Ferreira, Johnson, & King, 2010), however to our knowledge, loads in the LCL have not 
been investigated, possibly due to its more complex anatomical structure. 
The objective of this study was to bridge this knowledge gap by examining the efficacy 
of HEOs at various valgus angulations following simulated LCL repair. A modular HEO 
(described and evaluated in Chapter 2) was adjusted to five predetermined valgus 
angulations. Active and passive flexion-extension motions were conducted with the 
forearm pronated and supinated and the load through the LCL was simultaneously 
measured using a load cell. Trials were completed with the arm in vertical dependent and 
varus positions. It was hypothesized that greater angles of HEO valgus angulation would 
decrease the load through the LCL.  
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4.2     Materials and Methods 
4.2.1 Specimen Preparation 
Five fresh-frozen cadaveric specimens (mean age ± standard deviation: 68.6 ± 8.0) were 
stored at    -20℃ and thawed at room temperature (22 ± 2℃) for approximately 18 hours. 
The distal tendons of the biceps, brachialis, triceps, brachioradialis, pronator teres, wrist 
flexors (flexor carpi radialis and flexor carpi ulnaris) and wrist extensors (extensor carpi 
radialis longus and extensor carpi ulnaris) were sutured with braided fishing line 
(Bravefisherman, Shanghai, China). The pronator teres and wrist flexors were passed 
through medial alignment guides, while the wrist extensors and brachioradialis were fed 
through lateral guides (Chapter 2, Figure 2-8). A stainless steel rod was fixed into the 
humeral medullary canal with bone cement (Stryker, Kalamazoo, MI, USA), then 
mounted onto the elbow simulator via a humeral clamp (Chapter 2, Figure 2-10). The 
biceps, brachialis and triceps sutures were connected to computer-controlled motors, 
while the remaining muscles were connected to actuators. An ulnar tracker mount was 
fixed on the medial ulna to house an electromagnetic tracker (Flock of Birds®, Ascension 
Technology Corporation, Burlington, VT, USA). 
4.2.2 Testing Protocol 
A custom designed LabVIEW program (National Instruments, Austin, TX, USA) for 
motor and actuator control (Dunning, Zarzour, Patterson, Johnson, & King, 2001; 
Ferreira, 2011; Johnson et al., 2000; Kusins, Willing, King, & Ferreira, 2016) was used to 
simulate active motion.  During active flexion, the biceps and brachialis were designated 
as the main flexors for supination and pronation, respectively. Tone loads were applied to 
the brachioradialis, pronator teres (during pronation only), and wrist flexors and 
extensors. Passive motion trials were conducted by the same investigator (SB) rotating 
the forearm into pronation or supination by holding the wrist, and manually flexing the 
arm.  Prior to testing, five active and five passive preconditioning flexion-extension 
motions were conducted on the intact elbow in pronation and supination. 
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4.2.3 Ligament Tension System 
LCL injury was simulated by sectioning the LCL and common extensor origin (CEO) off 
the lateral epicondyle. A humeral bone tunnel was created from the axis of motion of the 
elbow indicated by the center of curvature of the capitellum and extending to exit at the 
lateral supracondylar ridge (Fraser et al., 2008). The LCL was sutured with a Hi-Fi® #2 
non-absorbable surgical suture (Conmed, Utica, NY, USA) and the sutures were passed 
through this bone tunnel and through an alignment guide (Chapter 2, Figure 2-8).  
Two load cell attachments (Figure 4-1) were designed and machined from aluminum. 
Each cylindrical load cell attachment was threaded (#4-40 UNC 40) and screwed onto 
both ends of a uniaxial load cell (Chapter 1, Section 1.4.3, Figure 1-20) (Honeywell, 
Golden Valley, MN, USA).  
 
Figure 4-1: Load Cell Attachments. Two load cell attachments were machined from 
aluminum and threaded onto both ends of a load cell.  
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A clamping mechanism (Figure 4-2) was developed and rigidly fixed to the base of the 
simulator. A carriage bolt was mounted and fixed to the simulator using a nut. A hole was 
drilled through the middle of the bolt and a nut and washer was placed on either side of it. 
The end of the LCL suture was tied to braided fishing line (Bravefisherman, Shanghai, 
China), which was then secured to one end of the load cell (Figure 4-3). Fishing line was 
also tied to the other end of the load cell and fed through the hole in the clamping 
mechanism. Therefore, the suture could be pulled manually (by the investigator (SB)) to 
achieve the desired LCL tension. It was then secured at the chosen tension with the two 
washers and two nuts of the clamp, on either side of the line. The load cell, connected to 
a data acquisition (DAQ) system (National Instruments, Austin, TX, USA), provided load 
measurements in real time.  
Before each flexion trial, with the arm fully extended in the vertical dependent or varus 
position, the LCL was tensioned to 20±1 N. Active and passive elbow flexion and 
extension exercises were conducted with the forearm pronated and supinated after LCL 
sectioning and repair. Then, the HEO was secured to the arm, and the protocol was 
repeated for five different HEO valgus angulations (0°, 5°, 10°, 15° and 20°).  
LCL load across the range of motion was recorded using a custom LabVIEW program 
(National Instruments, Austin, TX, USA). Two trials were conducted for each active and 
passive flexion motions. For active motion, an average of the two trials was taken. For 
passive motion, only the second trial was used for data analysis. This decision is based on 
the findings discussed in Chapter 2, Section 2.3. Active flexion resulted in intraclass 
correlation coefficient (ICC) values greater than 0.996, which was sufficient. During 
passive flexion the ICC values were lower (between 0.425 and 0.956), but increased to 
ICC > 0.959 when the first trial was omitted. This indicated that the second to fifth trials 
were more similar to each other than to the first trial. For simplicity, only flexion data is 
presented for this study. 
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Figure 4-2: Custom Clamping Mechanism. Using a combination of nuts and washers, 
a clamping system was designed to secure a bolt to the base of the simulator. A suture 
connected to the LCL (on the left side) was fed through the clamp and secured in place 
between the washers at the chosen tension as measured by the load cell (on the right 
side). 
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Figure 4-3: Simulated LCL Repair Setup. A suture connected the LCL to one end of a 
load cell. A suture was also connected at the other end of the load cell and was fed 
through a clamping mechanism. To achieve the desired LCL repair tension the suture 
was pulled until the desired load was reached, and the clamp was tightened to secure the 
suture line in place. Shown is a left arm with the simulator in the vertical dependent arm 
position. (The tissue at the amputation site has been masked). 
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4.2.4 Statistical Analysis 
LCL loads analyzed using SPSS 25.0 statistics software (SPSS Inc, Chicago, IL, USA). 
Analyses were completed for the vertical dependent and varus positions separately. An 
analysis was also done to investigate the statistical power of the study. A two-way 
repeated measures of variance (ANOVA) was performed to compare the effect of flexion 
angle and the LCL injured state with and without the HEO. If significance was found, 
post hoc tests were conducted. Pairwise comparisons were employed using Bonferroni 
adjustments. Statistical significance was considered at p < 0.05.  
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4.3     Results 
In the vertical dependent position, with the forearm pronated there was no significant 
difference in LCL tension (with and without an HEO) during active (p = 0.33) or passive 
(p = 0.38) motion (Figure 4-4 and Table 4-1). During active and passive motion, the 
mean loads during flexion varied within a range of 3.40 and 4.08 N, respectively. 
Similarly, there was no significant difference in LCL loads during active (p = 0.65) and 
passive motion (p = 0.28) with the forearm supinated. Here, the mean loads differed 
within 1.65 and 3.10 N for active and passive motion, respectively. There was no effect 
of flexion angle on the LCL loads for both active and passive motion with the forearm in 
pronation (p > 0.05) (Appendix C, Table C-5); LCL tensions were consistent throughout 
the range of motion. During active flexion and forearm supinated there was a significant 
change in LCL load in the mid flexion range (p = 0.03) with the HEO at 0°, but no 
significant effects were found during passive motion (p > 0.05). 
With the arm in the varus arm position, no significant difference in LCL tension was 
found with and without an HEO during active (p = 0.65) or passive (p = 0.28) motion 
with the forearm pronated (Figure 4-5 and Table 4-2). During active and passive motion, 
the mean loads during flexion varied within 2.64 and 5.80 N, respectively. There was also 
no significant difference in LCL tension found with and without an HEO during active (p 
= 0.13) and passive motion (p = 0.39) with the forearm supinated. The mean loads for 
supination varied within 1.85 and 3.15 N for active and passive motion, respectively. 
There was no effect of flexion angle on the LCL loads for both active and passive motion 
with the forearm in pronation and supination (p > 0.05) (Appendix C, Table C-5). 
The statistical power of the study when comparing the LCL injured state to the flexion 
angle as the result of a four-way repeated measures analysis of variance (ANOVA) was 
found to be 0.437. 
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Figure 4-4: Mean LCL Tension during Elbow Flexion in the Vertical Dependent 
Arm Position. The graph illustrates the tension profiles during active pronation (A) and 
supination (B), as well as passive pronation (C) and supination (D). LCL injured states 
are shown with and without a HEO at various valgus angulations. Standard deviations 
were omitted for clarity but range as follows: active pronation (2.77 – 10.1), active 
supination (4.31 – 6.25), passive pronation (4.67 – 8.76) and passive supination (3.35 – 
6.14). 
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Table 4-5: Effect of Brace Angulation, Forearm Rotation and Muscle Activation on 
LCL Tension during Flexion in the Vertical Dependent Arm Position 
Forearm 
Rotation 
Muscle 
Activation 
LCL 
Injury 
Mean Load ± SD 
(N) 
p 
 
 
 
 
 
Pronation 
 
 
Active 
No HEO 19.28 ± 4.48  
 
0.33 
HEO 0° 19.23 ± 2.77 
HEO 5° 22.25 ± 8.63 
HEO 10° 22.22 ± 10.1 
HEO 15° 20.71 ± 6.43 
HEO 20° 22.63 ± 7.27 
 
 
Passive 
No HEO 23.37 ± 4.67  
 
0.38 
HEO 0° 25.33 ± 4.92 
HEO 5° 27.45 ± 8.76 
HEO 10° 27.07 ± 7.92 
HEO 15° 26.93 ± 7.16 
HEO 20° 26.16 ± 7.87 
 
 
 
 
 
Supination 
 
 
Active 
No HEO 20.33 ± 4.54  
 
0.65 
HEO 0° 20.23 ± 4.31 
HEO 5° 21.88 ± 5.89 
HEO 10° 21.00 ± 5.62 
HEO 15° 21.34 ± 7.59 
HEO 20° 21.48 ± 6.25 
 
 
Passive 
No HEO 22.13 ± 4.08  
 
0.28 
HEO 0° 22.70 ± 4.09 
HEO 5° 22.36 ± 3.35 
HEO 10° 23.35 ± 4.72 
HEO 15° 23.95 ± 6.11 
HEO 20° 25.23 ± 6.14 
p-values describe the significance of the injured states resulting from a two-way analysis 
of variance (ANOVA) with LCL injured state and flexion angle. The asterisk (*) indicates 
significance (p < 0.05). Abbreviations: SD – standard deviation; HEO – hinged elbow 
orthosis and LCL - lateral collateral ligament. 
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Figure 4-5: Mean LCL Tension during Elbow Flexion in the Varus Arm Position. 
The graph illustrates the tension profiles during active pronation (A) and supination (B), 
as well as passive pronation (C) and supination (D). LCL injured states are shown with 
and without a HEO at various valgus angulations. Standard deviations were omitted for 
clarity but range as follows: active pronation (3.89 – 7.99), active supination (1.53 – 
9.32), passive pronation (2.41 – 6.94) and passive supination (2.60 – 9.89). 
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Table 4-6: Effect of Brace Angulation, Forearm Rotation and Muscle Activation on 
LCL Tension during Flexion in the Vertical Dependent Arm Position 
Forearm 
Rotation 
Muscle 
Activation 
LCL 
Injury 
Mean Load ± SD 
(N) 
p 
 
 
 
 
 
Pronation 
 
 
Active 
No HEO 25.05 ± 7.02  
 
0.07 
HEO 0° 23.72 ± 7.18 
HEO 5° 25.92 ± 7.99 
HEO 10° 25.36 ± 7.26 
HEO 15° 23.28 ± 7.02 
HEO 20° 24.90 ± 3.89 
 
 
Passive 
No HEO 23.79 ± 4.20  
 
0.51 
HEO 0° 21.38 ± 1.53 
HEO 5° 25.01 ± 4.98 
HEO 10° 24.29 ± 6.33 
HEO 15° 27.18 ± 9.32 
HEO 20° 26.27 ± 8.51 
 
 
 
 
 
Supination 
 
 
Active 
No HEO 23.37 ± 4.47  
 
0.13 
HEO 0° 23.70 ± 4.97 
HEO 5° 23.82 ± 5.32 
HEO 10° 25.22 ± 6.94 
HEO 15° 23.56 ± 3.33 
HEO 20° 25.12 ± 2.41 
 
 
Passive 
No HEO 24.17 ± 4.12  
 
0.39 
HEO 0° 23.08 ± 2.60 
HEO 5° 24.22 ± 3.21 
HEO 10° 26.23 ± 9.89 
HEO 15° 25.25 ± 7.70 
HEO 20° 25.59 ± 6.37 
p-values describe the significance of the injured states resulting from a two-way analysis 
of variance (ANOVA) with LCL injured state and flexion angle. The asterisk (*) indicates 
significance (p < 0.05). Abbreviations: SD – standard deviation; HEO – hinged elbow 
orthosis and LCL - lateral collateral ligament. 
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4.4 Discussion 
LCL injuries commonly produce elbow instability, and in some cases, may be treated 
with a ligament repair (Charalambous & Stanley, 2008; Mica et al., 2016; Osbourne & 
Cotterill, 1966; Sheps et al., 2004). If the elbow remains unstable following a repair, a 
hinged elbow orthosis (HEO) may be recommended to ‘protect’ the repair and maintain 
elbow stability during the healing process (Sheps et al., 2004). It has been previously 
shown that an LCL repair tension of 20 N or less is sufficient to restore native 
kinematics, however the load change throughout the range of motion has not been 
reported (Fraser et al., 2008). To our knowledge, the efficacy of HEOs following LCL 
repair, as well as the variation in the valgus angulation of an HEO, have not been 
investigated. A greater understanding of the effect of HEOs on LCL tension is needed to 
validate (or refute) current treatment protocols. This in vitro study investigated the effects 
of varying the valgus angulation of a custom designed HEO during a simulated LCL 
repair. The LCL loads were quantifed throughout the range of motion. Active and passive 
trials were simulated in the vertical dependent and varus arm positions, with the forearm 
maintained in both pronation and supination. 
In both the vertical dependent and varus arm positions, there were no significant changes 
in the LCL loads as the HEO angle was altered. In the vertical dependent arm position, 
the LCL loads varied by no greater that 5 N regardless of the angulation of the brace, 
therefore it is not surprising that statistically significant differences were not found. 
During active motion in the varus position there is a slight increase in LCL loading in 
greater flexion, which may be speculated to be the result of the changing muscle lines of 
action, ligament length, and variable tensioning of other soft-tissues crossing the joint 
(viz. capsule, etc), however the differences were not significant. In full extension, the 
elbow joint is compressed by the surrounding muscles, but during flexion, the direction 
of the muscle lines of action vary and the weight of the forearm and HEO increases the 
gravitational moment. During passive motion in the varus position LCL loading is 
relatively unchanged throughout flexion. This is expected, since the investigator (SB) 
likely minimized the effects of gravity and the weight of the HEO by mildly holding the 
arm up during passive trials.  
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It may be postulated that there may not have been much load variation across the range of 
motion due to the structure of the LCL. It was previously reported that the LCL is 
isometric (Morrey & An, 1985), which would have explained the lack of change in LCL 
loads during flexion, however more recent studies have concluded otherwise. The radial 
collateral ligament (RCL) of the LCL is has been shown to be relatively isometric (Hackl, 
Bercher, Wegmann, Müller, & Dargel, 2016; Morimoto et al., 2007), however Hackl et 
al. (2016) found that the anterior portion of the RCL is tight in full extension and loosens 
as the elbow is flexed. Conversely, studies agree that the LUCL is loose in extension and 
tightens as the elbow is flexed (Hackl et al., 2016; Morimoto et al., 2007; Wavreille, 
Seraphin, Chantelot, Matachandise, & Fontaine, 2008). Since both the RCL and LUCL 
were sutured, and they have opposite effects, they may have balanced out the load 
throughout the range of motion. Therefore, in extension the RCL may have accepted 
most of the load, with majority of the load being passed to the LUCL in flexion. 
Furthermore since our LCL ‘repair’ was placed at the axis of motion of the elbow it 
would be expected that the LCL would behave isometrically and may not fully represent 
ligament loading in the native situation. 
At all angles of HEO valgus angulation, the mean loads were not significantly different. 
It was hypothesized that increasing valgus angulation of the HEO would reduce the load 
through the LCL, however this was not found. This may be due to a variety of factors as 
the biomechanical changes across the elbow are likely complex as the HEO is added. 
While there appears to be little change in support of the LCL (i.e. no decrease in tension 
was found) as the HEO valgus angle increased, this may be attributed to changes in the 
rotation angle (IER from Chapter 3) acting less favorable as the HEO is increased.  
Hence, while the valgus angulation of the ulna relative to the humerus increases with 
greater HEO valgus angulation, any rotation that is coupled with the increased HEO 
angle that tends to lengthen the LCL could act to negate a potential favorable reduction in 
ligament tension with increased HEO valgus.  This is one potential mechanism, although 
it is only a postulation as the biomechanics of load transfer at the elbow is highly 
complex and indeterminate. 
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The addition of the HEO did not increase the LCL loads as expected from the weight of 
the HEO. The most likely reason for this may be that the LCL tension was adjusted with 
the HEO on the arm. Thus, the weight of the brace may have been accounted when the 
LCL was initially tensioned. This does not represent clinical practice, as a surgical repair 
could not be accomplished with a HEO applied. Unfortunately, due to the repeated 
measures design of this study the HEO was not removed between trials to ensure 
consistency of hinge placement and strap tightness. To alternate between pronation and 
supination the two distal straps were loosened, but the proximal two remained tightly 
strapped to the upper arm.     
A main strength of this study is that it was the first known study reporting on the change 
in LCL loads across the range of motion. While this has been done for the MCL using a 
buckle transducer, the anatomical shape of the LCL would not allow the use of this 
measurement method (Fay et al., 2010). Another study simulating LCL repair tensions, 
achieved the desired tension using an actuator, however, the load changes during motion 
were not quantified (Fraser et al., 2008). Therefore, this study presents a novel method to 
examine LCL loads in vitro and may be useful for future studies. Another strength of this 
study was the use of a custom designed, novel HEO that allowed the valgus angulation to 
be modified quickly and effectively. The reliability of the HEO was previously confirmed 
in Chapter 2. Additionally, this is only the second study investigating HEOs during active 
motion. 
With regard to the testing protocol, there were also several strengths. All incisions were 
sutured for the duration of the day to preserve the hydration of the soft tissues, allowing 
them to maintain their viscoelastic behavior. The base of the custom elbow simulator was 
also able rotate to simulate the desired rehabilitative arm positions.  Tone loads were 
employed to several muscles to better simulate in vivo loading. Finally, the LCL repair 
technique featuring a humeral bone tunnel that was employed for this study is commonly 
used in clinical practice. 
There were some limitations to this study, several of which have been noted in Chapter 3. 
The post-hoc statistical power of this study comparing the injured state to the flexion 
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angle was 0.437. This suggests that perhaps a greater sample size is required to accurately 
draw conclusions. However, while the results of the current study were not statistically 
significant, we have developed a novel model to study LCL tension in vitro. Furthermore, 
some of the specimens were quite obese limiting flexion range we could study due to 
impingement of fat caused by the brace straps. Another limitation was that there was 
limited range of motion for some specimens, likely because the specimens were older. 
Therefore, the LCL could not be tensioned at the same joint angle for each specimen. 
Tensioning was performed with the arm in full extension, where this joint angle varied by 
specimen, but was kept consistent within each specimen. Currently, there is no gold 
standard for the appropriate orientation of the elbow to surgically perform a repair, nor is 
there a target LCL repair tension. With the new repair simulation technique presented in 
here, further investigations may perhaps be performed to optimize surgical repair 
methods.  
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4.5    Conclusion 
Optimal rehabilitation of the LCL injured elbow following ligamentous injury or repair 
has not been sufficiently studied nor reported in literature. This study aimed to provide 
biomechanical insight into the load trends following a repair with and without an HEO 
and different valgus angulations. An innovative technique to simulate an LCL repair and 
simultaneously measure LCL loads was employed making this a novel contribution to 
existing biomechanical literature. Increasing the valgus angulation of the HEO did not 
decrease the loads in the LCL across the range of motion suggesting that the addition of a 
brace to protect an LCL injury or surgical repair may not be efficacious.   
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Chapter 5 
5 General Discussions, Future Directions, and 
Conclusions 
Overview 
This chapter summarizes the objectives and hypothesis stated in Chapter 1, as well as the 
important outcomes from the studies presented in Chapters 2, 3 and 4. The strengths and 
limitations of this body of work are reviewed and the impact of this work on future 
research is discussed. 
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5.1 Summary 
The purpose of this research was to investigate the current rehabilitation and surgical 
protocols employed following LCL injures. This work advances literature through the 
design and testing of a modular orthosis to quantify the kinematics and biomechanics of 
the elbow following LCL injury. These findings present additional information regarding 
bracing and specifically with adjusting the valgus angulation. Additionally, active and 
passive motion data, with the arm in clinically relevant arm positions and forearm 
rotations is presented. The specific objectives outlined in Chapter 1 have been fulfilled as 
described in Chapters 2, 3 and 4. 
As presented in Chapter 1, Section 1.6, the specific objectives of this thesis were as 
follows: 
1. To design and construct an adjustable hinged elbow orthosis (HEO) for 
examining in vitro kinematics and biomechanics of the elbow following LCL 
injury; 
2. To determine the effects of changing the valgus angulation of the hinged 
elbow orthosis on elbow kinematics during simulated LCL injury; 
3. To quantify the LCL load throughout simulated active and passive elbow 
flexion-extension, with the arm in dependent and varus orientations and with 
the forearm pronated and supinated.  
 
The hypotheses and findings described in Chapters 2, 3 and 4 are reviewed summarized 
in the following sections. 
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5.1.1 Chapter 2 – Design and Development of an Experimental 
Hinged Elbow Orthosis for Examining In Vitro Kinematics 
and Biomechanics of the LCL-Injured Elbow 
The first objective of this thesis was to design and fabricate an adjustable HEO. Four 
orthosis arms (two humeral and two forearm) and two modular hinge mechanisms were 
incorporated into the device. The orthosis arms were tightly secured to the arm using 
hook and loop fasteners and were connected posteriorly with aluminum rods and set 
screws. Between the proximal and distal sets of orthosis arms, the dual hinge mechanism 
allowed incremental changes to the valgus angulation, while permitting unrestricted 
flexion-extension.  To confirm the reliability of the orthosis, in vitro testing on one 
specimen was conducted in the vertical dependent arm position with the forearm 
pronated. Five active and passive flexion exercises were performed with the cadaveric 
arm mounted on a custom elbow motion simulator. An electromagnetic tracking system 
was used to quantify the varus-valgus angulation (VVA) and internal-external rotation 
(IER).  
The reliability of the HEO with the active motion simulator was confirmed using the 
single measures intraclass correlation coefficient (ICC) values. During active motion and 
forearm pronated, the ICC values ranged between 0.997 and 0.999 indicating highly 
reliable results. During passive motion, the ICC values ranged from 0.425 to 0.956. 
However, when the first trial was omitted the ICC values increased to between 0.959 and 
0.984, which is sufficiently reliable. Therefore, for the duration of experimentation 
described in Chapters 3 and 4, the first trial was excluded for passive flexion. Moreover, 
kinematic measurements obtained following HEO application during future in vitro 
investigations can be considered reliable.  
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5.1.2 Chapter 3 – The Effects of Brace Valgus Angulation on the 
Stability of the LCL Injured Elbow: An In Vitro Study 
The second objective of this work was to quantify the kinematic effects of altering the 
valgus angulation of the HEO during simulated LCL injury. This was achieved using an 
active elbow motion simulator and the HEO described in Chapter 2. Orthosis valgus 
angles between 0° and 20° were tested at 5° intervals. Testing was performed on the 
intact elbow and the LCL injured elbow with and without application of the HEO. Active 
and passive flexion-extension was simulated in the vertical dependent and varus arm 
positions with the forearm pronated and supinated.  
It was hypothesized that active flexion and pronation would provide more stability than 
passive motion and supination (Hypothesis #1). This hypothesis held true in the vertical 
dependent position, however the opposite was found in the varus arm position. Stability 
was significantly worse in the varus position for most injured states investigated. It may 
be postulated that this could be the result of human manipulation of the elbow, as the 
investigator (SB) likely offset the weight of the brace. 
It was also theorized that the orthosis would provide more stability following LCL injury 
in both arm positions investigated (Hypothesis #2). With respect to the vertical 
dependent position, the arm was found to be stable during active motion with the arm 
pronated and supinated. Throughout passive flexion, greater angulations of the HEO 
improved stability, however not significantly. Therefore, the orthosis did not provide any 
additional stability, negating the second hypothesis in the vertical dependent position. In 
the varus position, the theory was confirmed during active motion, as no significant 
kinematic differences in stability were found as the HEO angulation was increased.  
It was also postulated that increasing the valgus angle of the orthosis would improve 
stability in extension, but cause greater instability with the elbow in flexion (Hypothesis 
#3). This hypothesis was confirmed, as most instability was found at flexion angles 
greater than 80°.  However, the same trends were found with the orthosis removed. This 
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contradicts current literature and rehabilitation protocols where full extension is often 
avoided post-injury, but full flexion is permitted. 
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5.1.3 Chapter 4 – The Effects of Brace Valgus Angulation on LCL 
Loads following Simulated LCL Repair: An In Vitro Study 
The third objective was to quantify LCL loads during simulated active and passive 
motion. This was accomplished through a custom clamping system comprised of nuts, 
washers and a bolt. The LCL was sutured and connected to one end of a load cell. A 
suture connected at the other end was: fed through the clamp, pulled until a 20 N tension 
was achieved, and then clamped. Active and passive flexion exercises were simulated 
with the arm in the vertical dependent and varus arm positions and with the forearm 
pronated and supinated. The modular HEO designed in Chapter 2 was then positioned on 
the arm and the protocol was repeated with the orthosis at 0°, 5°, 10°, 15°, and 20° of 
valgus angulation.  
It was hypothesized that the orthosis would improve stability of the LCL repaired elbow 
(Hypothesis #2), however it was observed that the orthosis did not have a significant 
effect on stability at any HEO valgus angles.  
It was also postulated that the HEO would continuously decrease LCL loads as the valgus 
angulation was increased (Hypothesis #4). It was found that increasing the valgus 
angulation of the HEO did not have a significant effect on LCL load. This may be due to 
the complex anatomy and kinematics of the joint. However, the power of the study 
(0.437) also suggests that additional specimens are required. 
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5.2 Strengths and Limitations 
The kinematic and biomechanical work presented in this thesis has various strengths and 
limitations. Currently, there is minimal literature examining the efficacy of HEOs, with 
only one other study considering active motion (Lee et al., 2013; Manocha, 2016). This 
study supplemented the inadequate research on this topic and was the first study to 
investigate varying the valgus angle of the orthosis. To our knowledge, this has never 
been reported. The studies presented also simulated multiple muscle activations, arm 
positions, and forearm rotations, increasing the robustness of the research. Despite the 
small specimen size, the study presented in Chapter 3 had adequate power, likely due to a 
highly reproducible motion simulator and exceptionally reliable HEO. Unfortunately, 
insufficient power was found for the results discussed in Chapter 4. However, a novel 
LCL repair simulation technique was introduced. Thus far, no studies have examined the 
in vitro LCL loads following a simulated repair. Additionally, throughout the duration of 
the day, all incisions were sutured to retain tissue hydration and preserve the viscoelastic 
behaviour of the soft tissues. 
Similar to all cadaveric in vitro studies, a limitation of this work is that muscle loads were 
simulated as an estimation of in vivo loads. The loading ratios were modeled from 
previous literature (Amis, Dowson, & Wright, 1979; Funk, An, Morrey, & Daube, 1987), 
however it may not accurately represent the complex physiologic loading. Tone loads 
were also applied to increase the clinical relevancy of the results. However, they also may 
not replicate in vivo loads.  Additionally, application of the HEO was likely tighter than 
would be comfortable for a patient and may have potentially enhanced its efficacy. The 
diameter of the arm also increases with muscle activation, which was not taken into 
account for this study. Finally, due to the nature of cadaveric experimentation, the range 
of motion of the specimens was limited and full extension was unachievable. 
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5.3  Current and Future Directions 
The work presented from Chapters 2 to 4 successfully achieved the specific objectives 
presented in Chapter 1 of this thesis. This research contributes to a greater understanding 
of the clinical and surgical implications of bracing on the LCL injured elbow. A novel 
HEO and innovative LCL loading method were also designed. However, future work is 
required to further investigate the complex kinematics and biomechanics of the LCL 
injured elbow and orthosis applications to optimize current rehabilitation and surgical 
protocols. 
This study was the first to investigate changing the valgus angulation of a HEO. The 
orthosis was angled from 0° to 20° at 5° increments. In the varus position, a 20° 
angulation seemed to restore the native kinematics (Chapter 3), however additional 
increases in the valgus angulation may further increase or decrease stability and should 
be investigated. In terms of biomechanics (Chapter 4), it was hypothesized that increasing 
the valgus angulation would decrease the load through the LCL; however, this was not 
realized. Greater valgus angulation may be required to further investigate the complex 
biomechanics and kinematics of the joint. 
Future work should include additional arm positions that are often employed during 
rehabilitation. The elbow is also commonly rehabilitated in the horizontal and overhead 
arm positions, which were not included in this study, partly due to simulation complexity. 
However, the loads and kinematics of the elbow joint may be altered in these positions 
and should be included in future work.  
Future efforts should also include activation of the supinator muscle during simulated 
active motion. In full extension, supination was difficult to achieve with the biceps alone, 
as the biceps supinates as the elbow flexes. Inclusion of a tone load for the supinator, 
similar to the pronator, would further enhance in vivo modelling of physiologic loads.  As 
well, additional cadaveric specimens are required to increase the power of the study 
described in Chapter 4. While the power was sufficient to achieve significance in Chapter 
3, additional specimens must be tested to validate the results. 
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5.4 Conclusion 
There is limited knowledge on the efficacy of HEOs following LCL injury, although they 
are often advised as part of a rehabilitation protocol. Furthermore, the biomechanical and 
kinematic consequences of modifying the valgus angulation of the orthosis have not been 
investigated. The research completed as part of this thesis provides a greater 
understanding of the impacts of bracing on elbow loads and kinematics. 
A hinged elbow orthosis may decrease elbow instability, however further 
experimentation is required. Based on the kinematic investigation, it is hypothesized that 
increasing the valgus angulation of the HEO improved stability, particularly in the varus 
position, although stability was not restored. Active motion in the varus position should 
still be avoided. However, if required, an orthosis at 20° of valgus angulation should be 
worn. Generally, application of an orthosis at any valgus angulation does not worsen 
stability. However, a HEO is not helpful at maintaining stability at flexion angles greater 
than 80°.  
In this study, passive motion was found to be safe, likely as a result of the investigator 
(SB) manually flexing the arm. This suggests that passive motion may be performed 
safely, if implemented by a trained professional. Based on the biomechanical 
investigation, no significant changes in LCL tension were found at any HEO angulation, 
indicating that while the orthosis does not seem to improve stability, it also does not 
worsen it.  
Despite the limitation of correlating this work to clinical populations, this thesis improves 
the knowledge of elbow bracing and may assist clinicians and surgeons in the 
improvement of surgical and rehabilitative protocols, as well as orthosis design.    
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Appendix A – Glossary 
Active range of motion (AROM): The range of motion through which a patient moves 
his or her joint by autonomously activating adjacent muscles. 
Anterior: Movement towards the front of the body 
Brace: See Orthosis. 
Carrying angle: The acute angle formed by the long axis of the humerus and the long 
axis of the ulna. It averages 10 to 15° in men and 15 to 20° in women. 
Common forearm extensors: A group of muscles arising from a common origin located 
at the lateral epicondyle of the humerus. 
Common forearm flexors: A group of muscles arising from a common origin located at 
the medial epicondyle of the humerus. 
Complex elbow dislocation: An injury that destabilizes the elbow because of damage to 
the ligamentous structures and fracture through the bones of the elbow joint. 
Control box: In motion analysis, a device that processes the relative strengths of the 
transmitted and received signal(s) and, usually in conjunction with a computer, delivers 
desired motion output. 
Distal: Movement further away from a structure’s origin. 
Extension: Movement about a joint that increases the angle between the bones forming 
that joint. 
Flexion: Movement about a joint that decreases the angle between the bones forming that 
joint. 
Hinged elbow orthosis (HEO): A prefabricated orthosis with 2 Velcro hook and loop 
straps at the arm and 2 Velcro hook and loop straps at the forearm. A metal stay is 
aligned axially on the medial and lateral sides of the arm and forearm. There is a metal 
hinge at the elbow flexion-extension axis into which pins can be inserted to limit flexion-
extension range of motion. The device has no energy-storing components. This device is 
often used to reduce instability following ligamentous and/or bony elbow injury. 
In vitro: Adjective describing the study of a natural process using a laboratory model of 
that process. In kinematic analyses, this often involves using a specialized device to move 
a cadaveric joint and observing the resulting joint motion. 
In vivo: Adjective describing the study of a process occurring in a living organism. In 
kinematic analyses, this often involves observing a human moving a joint naturally. 
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Kinematics: The mechanical study of the motion of points, objects, and groups of 
objects, without reference to the forces that result in that motion. 
Lateral: Movement away from the median sagittal plane. 
Load-controlled simulation: In vitro cadaveric simulation of active joint motion 
whereby a set of desired force(s) is directed through the tendon(s) of selected muscle(s). 
Medial: Movement towards the median sagittal plane. 
Motion-controlled simulation: In vitro cadaveric simulation of active joint motion 
whereby a joint is moved at a prespecified rate through changing force(s) through the 
tendon(s) of selected muscle(s). 
Orientation: The angular or rotational position of an object in 3-dimensional space. 
Orthosis: An externally applied device used to modify the structural and functional 
characteristics of the neuromuscular and/or skeletal systems. 
Passive range of motion (PROM): The range of motion of a joint by an external force, 
usually provided by an allied healthcare member, without any voluntary muscular effort 
from the patient. 
Position: The location of an object in 3-dimensional space. 
Posterior: Movement towards the back of the body. 
Posterolateral rotatory instability (PLRI): A clinical condition whereby elbow lateral 
collateral ligament insufficiency results in posterolateral subluxation of the radial head 
relative to the capitellum and external rotation of the proximal ulna relative to the 
humerus. 
Pronation: Rotation of the forearm such that the palm faces posteriorly when the 
humerus is dependent. 
Proximal: Movement closer to a structure’s origin 
Range of motion (ROM): The full arc of potential movement of a joint, usually 
measured in degrees. 
Receiver: A device, usually attached to an object being tracked for motion analysis 
purposes, which senses a signal that has been sent by a transmitter. 
Simple elbow dislocation: An injury that destabilizes the elbow because of damage to 
the ligamentous structures, without associated fracture. 
Simulated active range of motion: This occurs when a machine is used to enact forces 
on tendons of a cadaver to enable movement of a joint. 
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Supination: Rotation of the forearm such that the palm faces anteriorly when the 
humerus is dependent. 
Transmitter: A device, usually fixed to some location in the operating environment that 
generates a signal for the purposes of motion tracking. 
Ulno-humeral external rotation: Rotation of the ulna about its own long axis away 
from the midline, relative to the humerus. 
Ulno-humeral internal rotation: Rotation of the ulna about its own long axis towards 
the midline, relative to the humerus. 
Valgus: Angulation of a joint such that the distal segment is oriented away from the 
midline, as compared to the proximal segment. 
Varus: Angulation of a joint such that the distal segment is oriented towards the midline, 
as compared to the proximal segment. 
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Appendix B –Engineering Design Drawings 
 
Figure B-1: Lateral Humeral Brace Arm. The 3D printed HEO arm rests on the lateral 
side of the upper arm. 
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Figure B-2: Medial Humeral Brace Arm. The 3D printed HEO arm rests on the medial 
side of the upper arm. 
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Figure B-3: Lateral Forearm Brace Arm. The 3D printed HEO arm rests on the lateral 
side of the forearm. 
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Figure B-4: Medial Forearm Brace Arm. The 3D printed HEO arm rests on the medial 
side of the forearm. 
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Figure B-5: Lateral Connector. The lateral brass connector is used to connect the 
lateral humeral arm to the hinge mechanism. It is also part of the mechanism that 
allowed HEO valgus angulation. 
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Figure B-6: Medial Connector. The medial brass connector is used to connect the 
medial humeral arm to the hinge mechanism. It is also part of the mechanism that 
allowed HEO valgus angulation. 
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Figure B-7: Yoke End. The yoke end is used to permit flexion-extension as well as 
valgus angulation of the HEO.  
 
154 
 
Figure B-8: 5/16’’ Threaded Rod. 5/16’’ threaded rods were used to connect the 
proximal HEO arms to the brass connectors. 
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Figure B-9: 5/16’’ Rod. 5/16’’ rods were used to connect the distal HEO arms to the 
yoke end to permit HEO flexion-extension. 
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Figure B-10: 3/16’’ Rod. 3/16’’ rods were used to connect the medial HEO arms to its 
lateral (mirrored) counterpart. 
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Appendix C –Pairwise Comparisons 
Table C-1: Pairwise Comparisons for Varus-Valgus Angulation (VVA) in the 
Vertical Dependent Position 
Muscle 
Activation 
Forearm 
Rotation 
LCL Injured 
State 
Flexion 
Angle (°) 
Mean Difference 
(compared to intact) (°) 
Standard 
Deviation 
 
p 
 
Active 
 
Pronation 
HEO off 120 0.45 0.10 0.012 
HEO 0° 
 
110 0.83 0.12 0.002 
120 0.92 0.26 0.031 
HEO 10° 120 0.84 0.27 0.049 
 “Mean Difference” describes the difference in varus-valgus angulation angle between 
the intact and ligament injured state. p-values describe the significance of the ligament 
states resulting from pairwise comparisons from a four-way analysis of variance 
(ANOVA) with muscle activation, forearm rotation, ligament state and flexion angle. 
Only significant values were stated (p < 0.05). Abbreviations: HEO – hinged elbow 
orthosis and LCL - lateral collateral ligament 
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 Table C-2: Pairwise Comparisons for Varus-Valgus Angulation (VVA) in the Varus 
Position 
Muscle 
Activation 
Forearm 
Rotation 
LCL 
Injured 
State 
Flexion 
Angle (°) 
Mean Difference 
(compared to intact) (°) 
Standard 
Deviation 
 
p 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Active 
 
 
 
 
 
 
 
 
Pronation 
 
 
 
HEO off 
 
60 7.49 1.69 0.012 
70 9.07 1.51 0.004 
80 10.46 1.14 0.001 
90 11.40 0.60 0.000 
100 11.13 1.65 0.002 
110 9.26 2.88 0.042 
 
 
HEO 0° 
 
50 6.01 1.89 0.044 
60 7.21 1.72 0.015 
70 8.46 1.46 0.004 
80 9.30 1.87 0.001 
90 9.66 3.00 0.002 
 
 
 
HEO 5° 
40 4.01 0.98 0.016 
50 5.40 0.95 0.005 
60 6.88 0.97 0.009 
70 8.39 1.22 0.002 
80 9.58 1.60 0.004 
90 10.06 2.45 0.016 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supination 
 
 
HEO off 
 
70 8.36 2.64 0.044 
80 9.93 2.47 0.018 
90 11.00 1.98 0.005 
100 10.70 1.54 0.002 
110 8.77 2.54 0.032 
 
 
HEO 0° 
 
60 7.32 2.15 0.034 
70 8.66 1.71 0.007 
80 9.74 1.24 0.001 
90 10.18 1.43 0.002 
100 9.44 1.93 0.008 
110 7.72 2.20 0.030 
 
 
 
 
HEO 5° 
 
50 5.76 1.68 0.033 
60 7.16 1.50 0.009 
70 8.62 1.21 0.002 
80 9.75 1.117 0.001 
90 10.28 1.29 0.001 
100 9.61 1.69 0.005 
110 7.85 1.93 0.017 
120 5.86 1.86 0.045 
 60 6.17 1.82 0.034 
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HEO 10° 
 
70 7.64 2.12 0.021 
80 9.00 2.48 0.026 
90 9.64 2.74 0.034 
100 9.07 2.68 0.034 
110 7.46 2.02 0.025 
120 5.86 1.86 0.049 
 
 
 
HEO 15° 
 
60 5.71 1.67 0.033 
70 7.21 1.86 0.021 
80 8.48 2.15 0.019 
90 9.20 2.59 0.029 
100 8.69 2.62 0.037 
110 7.16 2.04 0.030 
120 5.71 1.85 0.049 
“Mean Difference” describes the difference in varus-valgus angulation angle between 
the intact and ligament injured state. p-values describe the significance of the ligament 
states resulting from pairwise comparisons from a four-way analysis of variance 
(ANOVA) with muscle activation, forearm rotation, ligament state and flexion angle. 
Only significant values were stated (p < 0.05). Abbreviations: HEO – hinged elbow 
orthosis and LCL - lateral collateral ligament 
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Table C-3: Pairwise Comparisons for Internal-External Rotation (IER) in the 
Vertical Dependent Position 
Muscle 
Activation 
Forearm 
Rotation 
LCL Injured 
State 
Flexion 
Angle (°) 
Mean Difference 
(compared to intact) (°) 
Standard 
Deviation 
p 
Active 
 
Pronation 
 
HEO 5° 10 0.96 0.26 0.024 
20 0.78 0.23 0.038 
 
 
 
Passive 
 
 
 
 
Supination 
 
 
 
HEO off 
80 6.84 2.16 0.044 
90 8.15 2.20 0.025 
100 8.87 1.90 0.010 
110 8.00 0.77 0.000 
120 6.28 1.52 0.016 
HEO 5° 80 8.33 2.46 0.034 
90 9.37 2.68 0.030 
“Mean Difference” describes the difference in internal-external rotation angle between 
the intact and ligament injured state. p-values describe the significance of the ligament 
states resulting from pairwise comparisons from a four-way analysis of variance 
(ANOVA) with muscle activation, forearm rotation, ligament state and flexion angle. 
Only significant values were stated (p < 0.05). Abbreviations: HEO – hinged elbow 
orthosis and LCL - lateral collateral ligament 
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Table C-4: Pairwise Comparisons for Internal-External Rotation (IER) in the Varus 
Position 
Muscle 
Activation 
Forearm 
Rotation 
LCL Injured 
State 
Flexion 
Angle (°) 
Mean Difference 
(compared to intact) (°) 
Standard 
Deviation 
p 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Active 
 
 
 
 
 
 
 
 
 
 
Pronation 
HEO off 
 
80 7.88 2.20 0.028 
90 8.84 2.13 0.016 
100 9.06 1.95 0.010 
HEO 0° 
 
60 5.82 1.85 0.045 
70 6.81 1.95 0.031 
80 7.61 2.29 0.037 
HEO 5° 
 
 
60 5.78 1.60 0.027 
70 6.92 1.72 0.018 
80 8.01 1.84 0.013 
90 8.76 2.13 0.016 
100 8.89 2.34 0.022 
HEO 10° 
 
 
70 6.01 1.93 0.047 
80 7.26 2.23 0.040 
90 8.32 2.64 0.045 
100 8.75 2.82 0.048 
HEO 15° 
 
 
80 6.88 2.11 0.040 
90 7.88 2.42 0.040 
100 8.25 2.57 0.042 
110 7.50 2.23 0.035 
 
 
 
 
 
 
 
 
 
 
Supination 
HEO off 
 
70 6.09 1.82 0.036 
80 7.29 1.89 0.021 
90 8.33 1.88 0.012 
100 8.53 1.32 0.003 
110 7.38 2.17 0.034 
HEO 0° 
 
70 7.01 2.21 0.044 
80 8.00 2.20 0.026 
90 8.81 2.30 0.021 
100 8.96 2.35 0.022 
HEO 5° 70 7.13 2.09 0.033 
80 8.23 2.25 0.025 
90 9.09 2.39 0.022 
100 9.16 2.26 0.017 
HEO 10° 
 
100 8.60 2.58 0.036 
110 7.71 2.44 0.045 
HEO 15° 
 
90 7.94 2.58 0.049 
100 8.15 2.41 0.034 
110 7.27 2.05 0.029 
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“Mean Difference” describes the difference in internal-external rotation angle between 
the intact and ligament injured state. p-values describe the significance of the ligament 
states resulting from pairwise comparisons from a four-way analysis of variance 
(ANOVA) with muscle activation, forearm rotation, ligament state and flexion angle. 
Only significant values were stated (p < 0.05). Abbreviations: HEO – hinged elbow 
orthosis and LCL - lateral collateral ligament 
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Table C-5: Pairwise Comparisons for LCL Loads 
Arm Position Muscle 
Activation 
Forearm 
Rotation 
LCL 
Injured 
State 
Flexion 
Angle (°) 
Mean 
Difference 
(N) 
Standard 
Deviation 
p 
Vertical 
Dependent 
Active Supination HEO 0°  50 2.65 0.82 0.029 
HEO 0°  40 2.29 0.72 0.030 
“Mean Difference” describes the difference in LCL tension between the injured state 
without an HEO and injured state with the specified HEO. p-values describe the 
significance of the ligament states resulting from pairwise comparisons from a four-way 
analysis of variance (ANOVA) with muscle activation, forearm rotation, ligament state 
and flexion angle. Only significant values were stated (p < 0.05). Abbreviations: HEO – 
hinged elbow orthosis and LCL - lateral collateral ligament 
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